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Zusammenfassung  
In der vorliegenden Arbeit wurden wichtige Voraussetzungen für die Anwendung von 
Gold-Nanostäbchen in medizinischen Therapien geschaffen. Die Herstellung der 
Nanostäbchen erfolgte nach dem silber-vermittelten „Keim-Wachstumsansatz“. 
Durch detaillierte Untersuchungen des Wachstumsmechanismus konnten unter 
anderem neue, biologisch unbedenkliche Herstellungsmethoden entwickelt werden. 
Durch neuartige, polymere Beschichtungen konnten Nanostäbchen biokompatibel 
gestaltet und des Weiteren mit biologisch aktiven Molekülen ausgerüstet werden. 
Erste Zellexperimente belegen die Wirksamkeit dieser Oberflächenmodifizierungen. 
Zunächst wurde eine sequentielle Reaktionsführung entwickelt, bei der zu einer 
aufgereinigten Nanostäbchenlösung gezielt modifizierte Wachstumslösungen 
zugegeben wurden, um den Effekt der einzelnen Reaktionskomponenten zu 
untersuchen. Dabei wurde eine neue Theorie zum Wachstumsmechanismus der 
Stäbchen entwickelt, die auf der Oberflächenrekonstruktion der {110} Kristallflächen 
beruht. Anschließend wurden gezielt Reaktionskomponenten gegen alternative 
Reagenzien ausgetauscht, um deren Effekt zu testen. Dabei stellte sich heraus, dass 
der Einsatz eines Gemini-Tensids zur deutlichen Erhöhung der Stäbchenanisotropie, 
unter starker Verlangsamung der Reaktionsrate, führte. Des Weiteren war es möglich 
die Ausbeute und Anisotropie der Stäbchen durch Verwendung von D2O anstelle von 
H2O zu erhöhen. Beides lässt sich durch eine Veränderung der Stabilität der 
Nanostäbchen-Kristallflächen bzw. durch eine Beeinflussung der 
Oberflächenrekonstruktion erklären. Es wurde außerdem der Einfluss von 
sekundären, form-induzierenden Metallsalzen untersucht. Dabei wurde für 
Kupfernitrat eine hohe Selektivität für Gold-Kristallformen mit {111} Kristallflächen 
beobachtet, während Bleinitrat, ähnlich zu Silbernitrat, bevorzugt zu Gold-
Stäbchenstrukturen führte. Die Effizienz des Blei-Salzes blieb jedoch hinter der des 
Silbernitrats zurück. Diese Beobachtungen können auf Unterpotential-Abscheidung 
der sekundären Metalle auf spezifische Gold-Kristallflächen zurückgeführt werden, 
die im Fall des Bleisalzes am geringsten ist und damit zur niedrigsten Form-
Selektivität führt. Schließlich wurde eine neue Methode zur Synthese von Gold-
Nanostäbchen entwickelt, die anstelle von wässriger Tensidlösung ionische 
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Flüssigkeiten verwendet. Hierdurch können sich für zukünftige biologische 
Anwendungen Vorteile ergeben. 
Zur Entfernung des zytotoxischen, amphiphilen Partikel-Stabilisators (Cetyltrimethyl-
ammoniumbromid, CTAB) bei konventionell hergestellten Gold-Nanostäbchen wurde 
ein Lingandenaustausch mit verschiedenen thiolfunktionalisierten Polymeren 
durchgeführt. Dabei wurde CTAB durch das Polymer aufgrund der Ausbildung einer 
stabilen Gold-Schwefelbindung substituiert. Als Polymere mit einer oder mehreren 
Thiolgruppen - zusätzlich zu weiteren funktionellen Gruppen - wurden (i) hydroxy-, 
amino- bzw. carboxyl-terminiertes lineares Poly(ethylenoxid) (PEO), (ii) hydroxy-
funktionelles, sternförmiges P(EO-stat-PO) und (iii) hochmolekulares Polyacrylat 
ausgerüstet mit PEO-Seitenketten, verwendet. Eine erfolgreiche Polymer-
beschichtung wurde mittels Messung des Zeta-Potentials und TEM belegt. Es konnte 
gezeigt werden, dass die Beschichtung keinen Einfluss auf Form und Größe der 
Gold-Nanostäbchen hat. Säure- und aminofunktionalisierte Gold-Nanostäbchen 
konnten über EDC / NHS Kopplung mit verschiedenen Aminosäuresequenzen und 
mit Biotin ausgerüstet werden. Des Weiteren konnte sternförmiges  P(EO-stat-PO) 
mit Disulfidgruppen und Aminosäuresequenzen funktionalisiert und zur Beschichtung 
der Nanostäbchen verwendet werden. Über IR-Spektroskopie, HPLC bzw. Biotin-
Streptavidin-Kopplung wurde die Anbindung jeweils eindeutig nachgewiesen. 
Zellexperimente mit primären humanen Immunzellen bestätigten die veränderte 
Oberflächenchemie der Gold-Nanostäbchen. Konzentrations- und zeitabhängige 
Untersuchungen mit CTAB und PEO beschichteten stäbchenförmigen und 
sphärischen Gold-Nanopartikeln zeigten, dass CTAB beschichtete Partikel stark von 
Immunzellen aufgenommen wurden. Dabei war die Aufnahme der Stäbchen 
schneller als die der sphärischen Partikel. Im Gegensatz dazu wurden PEO 
beschichtete Nanopartikel, unabhängig von Form, Polymerarchitektur und Ladung 
der funktionellen Gruppen, innerhalb der ersten Stunden nicht internalisiert. Erst 
nach 1d zeigte sich Internalisierung. Dies weist auf einen dominierenden Einfluss der 
Oberflächenchemie im Vergleich zur Partikelform hin und zeigt, dass Mechanismen 
zur Partikelbeseitigung zwar nicht vollständig unterdrückt aber signifikant verzögert 
werden können, so dass ein Zeitfenster für zell-targetierte Therapien zur Verfügung 
steht.  
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Summary 
In the present work, the prerequesits for the use of gold nanorods for medical 
applications were provided. The nanorod sythesis was performed via the silver 
mediated seeded growth approach. Through detailed investigation of the growth 
mechanism an alternative preparation method requiring no harmful surfactants was 
developed. Nanorods were rendered biocompatible by coating with novel polymeric 
ligands and it was possible to introduce biological activity. First cell experiments 
prove the effectiveness of surface modification. 
At first, a sequential reaction scheme was developed which uses a purified gold 
nanorod solution as seeds for a secondary growth step with a specifically modified 
growth solution. Thus, the effect of the different reaction partners on nanorod growth 
was investigated individually. Based on the results obtained, a new theory for the 
growth mechanism was developed, which is based on surface reconstruction of the 
rods’ {110} crystal faces. Subsequently, various reagents were exchanged in order to 
investigate their effect. Results showed that the application of gemini surfactants led 
to a higher aspect ratio of gold nanorods, combined with a considerable decrease of 
the growth rate. Furthermore, nanorod yield and anisotropy could be increased by 
exchange of water against heavy water. Both effects can be explained by a change 
in stabilization of the nanorod crystal facets and a corresponding influence on surface 
reconstruction processes. The impact of secondary, shape-inducing metal salts was 
also investigated. A high selectivity of copper nitrate for gold crystal shapes bound by 
{111} facets was found, while lead nitrate, similarly to silver nitrate, favoured gold 
nanorod formation. However, the efficiency of the lead salt proved to be inferior to 
that of silver. These observations can be ascribed to underpotential deposition of 
secondary metals on specific gold crystal faces, which is least in the case of the lead 
salt and therefore results in the lowest particle shape selectivity. Finally, a new 
technique for the preparation of gold nanorods was developed, which uses ionic 
liquids instead of aqeous surfactant solution. This new method might prove beneficial 
for future biological applications. 
It was possible to remove the cytotoxic, amphiphilic capping agent (cetyl 
trimethylammonium bromide, CTAB) from the surface of conventionally prepared 
gold nanorods by ligand exchange against various thiol functionalized polymers. 
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Ultrasound treatment in the presence of these macromolecules at elevated 
temperatures led to substitution of CTAB due to the formation of a stable gold-sulfur 
bond. Successful coating with thiol-functional polymers based on (i) linear 
poly(ethylene oxide)s (PEO) (with an amino-, hydroxy-, or carboxy functional end 
groups) as well as (ii) star shaped P(EO-stat-PO) and (iii) a high molecular weight 
polyacrylate with pendant PEO grafts was performed and proven via zetapotential 
measurements and TEM. It could be shown that the coating does not influence the 
shape and size of gold nanorods. Carboxy and amino functionalized gold nanorods 
were functionalized with amino acid sequences and biotin by EDC / NHS activiation 
of the carboxy compound. Furthermore, a star-shaped P(EO-stat-PO) ligand bearing 
disulfide groups and amino acid sequences was successfully prepared and used as 
nanorod stabilizer. Chemical attachment of biofunctional agents was proven by IR 
spectroscopy, HPLC and biotin-streptavidin coupling. 
Cell experiments with primary human immune cells corroborated the surface 
modification of gold nanorods. Concentration and time dependent studies with CTAB 
and PEO coated nanorods and spherical gold nanoparticles revealed that CTAB 
coated particles were taken up most by immune cells. Moreover, nanorods were 
internalized significantly faster than their spherical analoga. Within the first few hours, 
no uptake was observed for nanoparticles stabilized by a dense layer of PEO, 
independent of particle shape, polymer architecture and even pendant charged 
groups. Only after 1d internalization was observed. This suggests a dominating effect 
of surface chemistry over particle shape and shows that although particle clearance 
cannot fully be prevented it can be significantly delayed, leaving a sufficient time 
window for targeted drug-delivery applications. 
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1. Introduction  
In the last two decades the interest in the preparation and characterisation of 
nanostructured materials has dramatically increased due to their extraordinary 
electronic, magnetic, catalytic and optical properties, which give rise to versatile 
application possibilities in catalysis as well as in medical, optical and electronic fields. 
Depending on particle size, material or chemical structure a large variety of 
properties can be controlled and tailored depending on the needs of a specific 
application. Nanoparticles can be made from almost any material including metals 
(Ag, Au, Pt, etc.), semiconductors (quantum dots e.g. from CdS, CdSe), insulators 
(e.g. SiO2) or magnetic materials (e.g. superparamagnetic iron oxide nanoparticles, 
called SPIONs). All these classes of particles enrich specific fields of application 
depending on their unique properties. 
Gold nanoparticles have aroused great interest in the field of medical applications 
due to the inert nature and the biocompatibility of gold as well as the well-known 
chemistry of nano-gold. One example in the field of therapeutics is the nanoenabled 
hypothermia treatment, in which the nanoparticles are bound to specific target cells 
or proteins and irradiated with laser light. The gold nanoparticles convert the light to 
highly localized heat, which leads to damage of the tagged cells exclusively, thus 
enabling the destruction of specific cells with high selectivity and efficiency. Many 
diseases are considered treatable by this technique, including cancer which is one of 
the leading causes of mortality in the world. In the past, a main obstacle has been to 
find particles that absorb and transform light in the near IR (at wavelength λ ≈ 800 
nm) efficiently, since human tissue is most transparent around this wavelength 
(“transparency window”). The plasmon absorption of spherical gold nanoparticles 
cannot be tuned to such high wavelengths and therefore proved unsuitable for in vivo 
hypothermia treatment. However in the last few years, new techniques have 
emerged allowing the preparation of alternative particle shapes like nanorods or 
structures like core-shell particles. The optical properties of these new structures can 
be tuned in a much broader wavelength range including the NIR. Most suitable for 
the hypothermia technique are rod-shaped nanoparticles. Due to their easily tuneable 
absorption band in the NIR and their small size (~30-50 nm in length), they offer 
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great potential for in vitro and in vivo applications, since larger particles tend to be 
cleared more quickly from the human body, resulting in a much lower number of 
particles reaching the target site (Zauner, W., N. A. Farrow and A. M. Haines (2001) 
J. Control. Rel. 71, 39.). 
However, in order to use gold nanorods for biomedical applications, the growth 
mechanism of nanorods has to be investigated thoroughly, so that particles with the 
appropriate optical properties can be prepared in a controlled and efficient way. 
Additionally, the state of the nanoparticle surface must be tuned to the application, so 
that the particles are not recognized and cleared from the human body by the 
immune system or other defense mechanisms before they can reach their site of 
action. Therefore this thesis deals with the preparation of gold nanorods, their coating 
with biocompatible polymers and their biofunctionalization. 
Chapter 2 gives a literature overview over the preparation and the growth 
mechanism of gold nanorods as well as current, biocompatible coating systems and 
biofunctionalization. 
In Chapter 3 the role of reagents and synthetic parameters in the literature known 
“seed growth approach” for the preparation of gold nanorods will be studied. For this, 
nanorods will be used as seeds for further growth with a secondary, modified growth 
solution, thus illuminating the role of each parameter in nanorods growth. 
Chapter 4 deals with alternative shape directing salts to AgNO3 and their effect on 
particle shape and crystallinity. The importance of deposition of secondary metals on 
specific crystal facets of the growing seed particles and its effect on particle 
crystallinity and morphology will be described. 
Chapter 5 presents gemini surfactants as capping agents during the nanorod growth. 
The effect on particle growth kinetics and morphology is discussed. 
In Chapter 6 the isotope effect on gold nanorod growth is investigated. Water is 
substituted with heavy water and the effect on particle growth is studied. 
In Chapter 7 a new alternative to the literature known, aqueous synthesis of gold 
nanorods is presented. The rod preparation is done in ionic liquids, acting as both 
solvent and capping agent, in the absence of water and additional surfactant. 
Different ionic liquids are studied and particle growth and structure is investigated. 
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Chapter 8 deals with ligand exchange of the cytotoxic capping agent cetyl 
trimethylammonium bromide (CTAB) against biocompatible, polymeric ligands such 
as polyethylene oxides with different architecture and functionality as well as 
polyethylene oxide based polymers and polyglycidols.  
In Chapter 9 several strategies for biofunctionalization of gold nanorods with amino 
acid sequences and biotin are studied. Coupling to mono- and multifunctional 
polymers with different reactive groups pre- and post-nanorod coating is discussed.  
Chapter 10 presents the interaction between primary, human immune cells and 
nanorods / nanospheres with different surface chemistries. Internalization studies are 
performed with various phagocytic cell types to determine the amount and kinetics of 
particle uptake and the cellular mechanisms involved. 
The Appendix describes the effect of the replacement of reagents in the reaction 
solution. Different seed solutions are applied and different surfactants and polymers 
are tested as replacements for the capping agent CTAB in order to reduce the 
cytotoxicity of the nanoparticle solution obtained. 
 
 Chapter 2  
 4
2. Literature Overview on Gold Nanorods 
 
2.1 Introduction 
Colloidal gold has been used long before the development of modern gold chemistry. 
Metallic nanoparticles (gold and silver) have already been applied as a colorant to 
make ruby glass and ceramic since the 5th century B.C.[1]  But only in the 20th 
century, methods for the specific preparation of spherical gold colloids started to 
emerge. For example one of the most popular methods of preparation for spherical 
gold nanoparticles – the citrate reduction of HAuCl4 in water – was introduced by 
Turkevitch in 1951.[2] With the development of the preparation of well-defined 
metallic nanoparticles, their unique properties came into focus, which fuelled 
research in the following decades. Tremendous progress has been made with regard 
to understanding the influence of particle dimensions on the optical, electronic and 
catalytic properties of these materials, opening up a wide variety of possible 
applications.[3-6] As a result, syntheses controlling size and shape of nanoparticles 
have been broadly studied and today, many different kinds of nanoscopic structures 
such as cubes, rods, wires, triangles, branched or core-shell particles as well as 
hollow structures can be produced.[7-14] Since properties depend on material and 
shape of the nanostructures, just as much as on the particle dimensions and 
composition (e.g. spherical core-shell particles), this creates plenty of parameters 
that can be used to tailor properties for all kinds of applications. 
 
2.2 Equilibrium and non-equilibrium particle shapes 
Today, controlling shape and size of nanoparticles is one of the major challenges for 
chemists in the field of nanotechnology, since it opens up a huge amount of new 
properties and thus new possible applications. In this context, the fabrication of non-
equilibrium structures is extremely desirable. 
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If no physical restrictions or other shape-directing influences are exerted over the 
synthesis of nanoparticles, the thermodynamically most stable, equilibrium crystal 
shape will develop. This equilibrium shape arises as the result of the minimization of 
the surface free energy, which is composed of the surface energies of the different 
particle facets. The minimum energy shape for a given particle volume is determined 
by the Wulff construction, which is named after one of the earliest authors to work on 
equilibrium shapes.[15,16] In the case of highly symmetric face-centered cubic (fcc) 
crystal structures like gold, typically isotropic particles are generated. The surface 
energy for the low-crystallographic planes is γ{110} > γ{100} > γ{111} and the Wulff 
polyhedron is equal to a truncated octahedron, exhibiting eight {111} and six {100} 
faces as indicated in Scheme 2.1 [15,17].   
 
Scheme 2.1 Illustration of truncated octahedra representing equilibrium particle shapes (Wulff-shape) 
of fcc materials. Panel a – c correspond to increasing importance of {100} facets.  
 
However, since the Wulff construction gives the equilibrium shape of a free-floating 
small single-crystalline particle, this equilibrium shape can be altered by events like 
twinning, surface chemisorption or kinetically controlled crystal growth. It has, for 
example, been established that chemisorption dramatically affects surface energies, 
so that the corresponding equilibrium shapes are altered. Another important point is 
that many particle morphologies observed are actually not thermodynamically stable 
structures. If a particular facet of seed particle has a higher adsorption probability for 
atoms due to a high surface free energy, it will grow faster. The kinetic structure will 
thus be dominated by the slower growing faces.[15] Therefore, in order to obtain 
nanoparticles with non-equilibrium shapes, synthetic “tricks” can be applied which 
exploit the aforementioned factors influencing final particle shape.[8,18,19] 
Nevertheless, the problem of targeted synthesis of specific non-equilibrium shapes is 
still a huge challenge in nanochemistry. Although many factors influencing particle 
growth have been identified, specific parameters are numerous, their influence can 
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be manifold and depends on reaction conditions, and growth mechanisms are often 
not thoroughly understood, since a complex interplay of parameters is involved. 
Correspondingly, many synthetic approaches to non-equilibrium structures appear 
rather alchemistic than purposeful.  
Generally, a typical nanoparticle synthesis consists of three distinct stages: 1) 
nucleation, 2) evolution of nuclei (for which structures can still fluctuate due to their 
small size) into seeds (which are fixed in their crystal structure) and 3) growth of 
seeds into nanocrystals.[18] Little is known about the first steps of nanoparticle 
synthesis comprising nucleation and formation of seeds. To a large extent, this is due 
to a lack of instrumental means by which capturing, identifying, and monitoring of 
such nuclei would be possible with the necessary temporal resolution; nevertheless it 
has been found that the crystal structures of seeds predetermine the types of particle 
morphology that can be grown from them. As depicted in Scheme 2.2, a certain seed 
crystal can give rise to a set of final nanoparticle morphologies, depending on the 
growth rates along the different crystallographic directions, which are on their part 
determined by the reaction conditions.  
More is known about the controlled growth of seeds into nanoparticles. Various 
methods of shape control have been applied, such as separation of the nucleation 
from the crystal growth step and the use of selective capping agents / adsorbents, 
however, also selection of reducing agent and overall reaction conditions are critical 
for the formation of a particular shape. While for example strong reducing agents 
facilitate the synthesis of thermodynamically favoured polyhedral nanocrystals, 
slowing the reduction rate by using mild reducing agents favours the formation of 
nanoplates. It was shown for gold, that the concentration of the reduced metal atoms 
is not high enough to induce the formation of thermodynamically favoured seeds. 
Instead, aggregation to small clusters takes place, which then assemble to larger 
nanocrystals. During this process, twin defects or stacking faults are often 
introduced, which support (mostly triangular or hexagonal) nanoplate formation.[20] 
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Scheme 2.2 Reaction pathways that lead to nanostructures with different shapes, depending on 
crystallinity of seed particles and reaction conditions.  
 
Capping agents are often used to prepare non-equilibrium shapes.[8] Facet-selective 
binding of these agents may promote the development of a particular shape by 
selective interaction with and passivation of a specific crystallographic facet via 
chemical adsorption. In the case of silver, it was shown that poly(vinyl pyrrolidone) 
(PVP) preferentially binds to {100} facets, thereby structures bounded by {100} facets 
could selectively be produced. Depending on the growth rate pentatwinned 
nanowires or single-crystalline cubes were obtained, which was ascribed to the fact 
that faster growth conditions may reduce the time available for twin defects to form, 
thus leading to the predominant formation of single-crystalline cubes (see Scheme 
2.3). Transferring this system to gold, however, led to the development of {111} 
bounded particles like tetrahedra and icosahedra, indicating that with gold, PVP does 
not specifically interact with {100} facets as for silver.[21] 
Recently, ultrathin gold nanowires with a diameter smaller than 2 nm were prepared 
using polymeric strands of an oleylamin-AuCl complex. The linear Au(I)•••Au(I) chains 
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surrounded by oleylamines form bundles. These strands act as a template upon 
reduction of Au(I), producing gold nanowires.[22]  
For gold nanoparticles, separation of the seeding step from the growth step has 
proven highly efficient to obtain good control of size and shape. Metallic seeds are 
prepared under strongly reductive conditions, so that nucleation occurs rapidly and 
size distribution is narrow. The subsequent growth step can be performed with milder 
reducing agents so that growth takes place in a more controlled way, making the 
formation of non-equilibrium dimensions and shapes possible. As described in the 
next section, gold nanorods can be prepared using this method. There, also the 
effect of surface adsorbents and seed crystallinity will be presented. 
  
Scheme 2.3 Electron microscopy images of silver nanostructures obtained with PVP: (left) SEM 
image of silver wires, (right) TEM image of silver cubes. (Taken with permission from refs. [23,24]) 
 
2.3 Synthetic methods and growth mechanism 
In the last two decades, several synthetic routes for the preparation of rodlike gold 
nanoparticles have emerged yielding rods with different overall dimensions and 
aspect ratios. Research activities and number of publications have increased 
dramatically since a simple solution synthesis was developed in 2001, giving 
nanorods with aspect ratios between 1,5 and 5. Especially the associated two 
plasmon peaks in the Vis-NIR wavelength region, which can be easily controlled via 
the rod anisotropy, have triggered a lot of interest as these nanorods are suitable for 
various applications in the biomedical field including sensing, drug delivery and other 
medical applications. 
 
 
 Chapter 2  
 9
Synthesis 
Syntheses of nanoparticles in general have to satisfy certain requirements since 
small particles tend to aggregate in order to reach an energetically favoured state 
with small surface to volume ratio. Thus, nanostructured metallic materials are often 
prepared from the corresponding metal salt under mild reaction conditions, i.e. 
temperatures below 100°C and mild reducing agents, in the presence of stabilizing 
ligands (electrostatic: e.g. citrate, or steric: mostly polymers).[25] An additional 
obstacle in the synthesis of anisotropic gold nanoparticles is the fcc crystal structure 
of the metal, which usually favours the development of isotropic particles. Thus, a 
symmetry-breaking event has to be introduced. In the case of gold nanorods, two 
main synthetic approaches can be distinguished: Electrolytic deposition using solid 
templates and homogenous solution syntheses. 
In the first case, metal nanorods or wires are synthesized with the help of 
membranes containing a defined pore structure acting as moulds. This method was 
already applied in the 1970s.[26] Different kinds of nanoporous membranes 
(polycarbonate, alumina, etc.) and deposition methods to fill the pores with the 
desired material (metals, semiconductors, conductive polymers) were developed 
later.[27-31] After deposition of the nanowire material, the templates are dissolved, 
for example by organic solvents, bases or by oxygen plasma treatment, leaving the 
rods or wires as a negative replica of the mould. A big advantage of this method is its 
versatility – a wide variety of conductive materials can be used. However, dimensions 
of nanorods are usually rather large and imperfections in the template are directly 
transferred to the nanoparticles. Additionally, the preparation of large amounts is 
problematic, since only monolayers of rods are produced. 
Shape-selective preparation of different inorganic nanoparticles has enabled 
researchers to draw some general conclusions about anisotropic growth and size 
control in homogeneous solution syntheses. Among others, application of surface 
active agents which have different binding affinities to crystal faces and thus control 
their growth rates, as well as separation of the nucleation and the crystal growth step 
can aid size and shape control of nanoparticles.[32-34] This knowledge has been 
applied in order to obtain gold nanorods. Three different procedures have emerged 
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during the last 20 years, all using cetyl trimethylammonium bromide (CTAB) as 
surfactant: the electrochemical, the photochemical and the seed-mediated method. 
Photochemical syntheses of gold nanorods or wires appeared in the 1990s. In early 
works, nanorods with high anisotropy were obtained from aqueous CTAB-solutions 
under UV irradiation (λ = 254 nm), however, yields were low and a large portion of 
spherical products were obtained as well.[35] Higher nanorod yields could be 
achieved, when AgNO3 was used as shape-directing agent and 
tetradodecylammonium bromide as co-surfactant. In this case, aspect ratios of 
nanorods could be controlled via the concentration of AgNO3 and higher uniformity of 
the particle dimensions was obtained.[36] A disadvantage of the method is the slow 
growth rate, which can necessitate 48h illumination time. Therefore, later publications 
describe a combination of UV irradiation and chemical reduction of Au(III) to Au(I) 
with ascorbic acid in the presence of silver nitrate. This way, the reaction could be 
accelerated to reaction times of under 1h.[37,38] However, the role of silver nitrate 
remained unclear.  
Next to the photochemical synthesis, also electrochemical procedures have been 
developed. In this approach, usually a solution containing CTAB and a co-surfactant 
(e.g. tetradodecylammonium bromide) is used as electrolyte. A gold anode and a 
platinum cathode are then immersed into the solution and subjected to electrolysis, 
which leads to the development of single crystalline gold nanorods with an average 
diameter of 10 nm in the electrolyte. In order to control the aspect ratio of nanorods, 
a silver plate can be immersed into the solution. Due to redox reactions with the 
present gold ions, silver ions are produced, which control nanorod growth. By 
adjusting electrolysis parameters and the amount of silver ions, the anisotropy of 
nanorods can be adjusted between 1 and 7.[39-43] However, gold rods prepared this 
way often exhibit a rather broad length distribution, which limits their use in optical or 
size sensitive applications. 
Finally, the most widely used synthesis for gold nanorods today is the seed-mediated 
growth, which was first introduced in 2001.[9] The reaction is based on the 
separation of the formation of crystal seeds and the anisotropic growth step. 
Generally, a “seed solution” containing small, spherical gold nanoparticles (d < 5 nm) 
is prepared and a small quantity is added to a large excess of “growth solution” 
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containing Au(I) stabilized by CTAB. Thus, anisotropic growth of particles is induced 
and rod-shapes are obtained. The exact solution composition (amount and type of 
additives) has varied for different modifications of this preparation method, which 
were developed in the last years. The most famous two sub-types of the seed-
mediated synthesis are the multistep seeding without silver-nitrate and the silver-
nitrate-assisted one step procedure (see Scheme 2.4). Studies have proven that the 
mechanism of gold nanorod formation and the crystal structures obtained differ 
significantly for these two approaches, therefore they will be discussed consecutively.  
 
Scheme 2.4 Schematic illustration of the preparation of gold nanorods by the multistep seeded growth 
in the absence of AgNO3 and by the AgNO3-assisted one step procedure. (Upper TEM image taken 
with permission from ref. [44])  
 
The gold nanorod synthesis in the absence of silver was first introduced in 2001. For 
this synthetic method two solutions have to be prepared: a seed solution, made from 
HAuCl4 with NaBH4 in the presence of citrate and a growth solution, where Au(III) is 
reduced with a mild reducing agent (ascorbic acid) in a presence of CTAB to Au(I). 
Nanorods with aspect ratios of approximately 4 (short axis: 15 nm) were obtained 
when citrate capped gold seeds (d = 3,5 nm) were added to the growth solution (see 
Figure 2.1).  
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Figure 2.1 TEM images of 4.6 aspect ratio gold nanorods before purification (a) and shape separated 
18 aspect ratio gold nanorods (b). The scale bar applies to both images. (Taken with permission from 
ref. [44]) 
 
However, a large portion of spherical side products were obtained as well, which had 
to be removed by centrifugation. Higher yields and aspect ratios up to 18 could be 
achieved via a 3-step procedure, wherein a certain amount of nanorod solution 
(prepared as described above) was added to a second growth solution, left growing 
for a certain time period and then added to a third growth solution. In order to obtain 
high yields of rodlike structures with this method (~90%), reaction parameters like 
concentrations, growth times and pH of the solution have to be tuned 
carefully.[44,45] Literature studies indicate that nanorods prepared via this route are 
pentatwinned crystals which are most likely stabilized by a surfactant bilayer.[42,46]  
In the same year as the twinned gold nanorods, a second preparation was developed 
which used the same conditions as described in the previous paragraph with the 
addition of silver nitrate to enhance nanorod yield and to control rod aspect ratio.[9] 
However, the percentage of spherical side products was still significant and particles 
appeared spindle-shaped rather than cylinder-like. In early preparations, acetone and 
cyclohexane were added to the reaction mixture, since they were supposed to 
enhance the formation of rodlike micelles, which were thought to act as soft 
templates.[9] Later syntheses do not contain these additives, since the formation of 
rodlike micellular structures did not prove critical for nanorod synthesis.[47] In 2003, 
the synthesis was further refined: Using CTAB-coated seeds (d = 3-4 nm), cylinder-
like nanorods were obtained and it was possible to increase nanorod yield to 
approximately 99% by suppressing the formation of spherical and other crystal 
shapes.[48] Aspect ratios could be tuned between approximately 1 and 5 via 
a b
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concentrations of gold, silver and ascorbic acid and the amount of seed solution. 
Higher aspect ratios could be obtained with the help of a hydrophobic co-surfactant 
(benzyl dimethylhexadecylammonium bromide, BDAC) [48-50]  
Nanorods obtained with this method are single-crystalline and are (like the 
pentatwinned crystals) stabilized against aggregation by a surfactant bilayer. 
Although the seed-mediated synthesis is highly specific, not allowing a simple 
exchange of metals or surfactants, a big advantage is the simplicity of the procedure. 
After a short reaction time (1-2h), water-soluble nanoparticles with good control over 
particle morphology are obtained, that can easily be handled. Due to these reasons 
seeded growth has gained tremendous attention in the last few years and is now the 
most frequently used method for gold nanorod formation. Therefore, this synthetic 
approach will be investigated in detail in the following chapters. 
 
Growth mechanism  
Despite the significant efforts in understanding the mechanism of rod formation 
during the aqueous seed-growth procedure, parameters influencing the synthesis are 
manifold. Many reaction mechanisms have been proposed, shedding light on 
different aspects of the growth process.[41-49,51-68] However, the complex interplay 
of parameters and the existence of many modifications of the seed-growth 
preparation (photochemical, electrochemical, chemical reduction, with or without 
AgNO3) make a unified, comprehensive explanation of the growth mechanism 
elusive.  
Although nanorod growth procedures with and without silver nitrate are closely 
related and theories developed for pentatwinned nanorods are often also applied for 
single-crystalline particles and vice versa (e.g. preferential adsorption of surface-
active species to nanorod side facets, see below), investigations done for one 
synthetic method should never simply be transferred to the other. Although similar 
trends are often observed (e.g. the similarities of required surfactant and seed), there 
are characteristics of these two preparative methods that highlight their mechanistic 
differences. When monitoring the growth of nanorods in the absence of silver ions 
over time via their optical properties (see Figure 2.2), the position of the longitudinal 
plasmon band clearly red-shifts as gold ions are reduced, meaning that the aspect 
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ratio of nanorods increases as long as gold salt precursor is available.[47] 
Correspondingly, further addition of growth solution (sequential seeding) can be used 
to increase the aspect ratio and yield of the anisotropic particles.[44,45] This is 
consistent with a preferential particle growth at the tips and underlines the critical role 
of twinning as the major symmetry breaking event. In the case of Ag-assisted growth 
however, the longitudinal plasmon peak starts blue-shifting shortly after the start of 
the reaction (see Figure 2.2). It was found that the absolute values of both length and 
width of nanorods increase with ongoing reaction time, but the relative gain in width 
is more pronounced, leading to a slow decrease of anisotropy over time.[49] 
Calculations have shown that this reversal of growth direction could have a purely 
mathematical origin: If the initial growth rate in the long nanorod direction is 5 times 
larger than that in the short axis and both rates decrease exponentially with depleting 
amount of gold precursors, this will lead to a switch from 1D to 3D growth within a 
few minutes of reaction time.[51] Thus, it becomes clear, that not only the symmetry 
breaking events in the two nanorod syntheses are dissimilar, but the following 
particle growth proceeds differently, so that investigation of the two methods should 
be dealt with separately. In the following, theories proposed in the literature will be 
presented for the repetitive seeding process in the absence and for the one-step 
seed-growth preparation in the presence of silver nitrate. 
 
Figure 2.2 UV-Vis data of nanorod growth with ongoing growth time for the nanorod synthesis in the 
absence of AgNO3 (a,c) and for the Ag-assisted growth (b,d). (Taken with permission from refs. 
[49,52]) 
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Seeding process in the absence of AgNO3. 
Using the seeding protocol applying repeated seeding in the absence of silver nitrate, 
combined high-resolution electron microscopy (HRTEM) and selected area diffraction 
(SAD) Johnson et al. suggested the nanorods to exhibit a five-fold multi-twinned 
structure with five {100} and ten {111} facets (Figure 2.3) similar to nanowire 
structures that were previously grown from gold, copper and silver [46,53,54]. In this 
model, the nanorod is assumed to evolve from a five-fold twinned decahedral seed-
crystal by preferential growth along the [110] direction, with the capping agent 
directing the structure evolution by stabilizing the generated {100} facets rather than 
the low-energy {111} facets. In this theory, CTAB is thought to create a bilayer 
around the nanoparticles with the trimethylammonium headgroups of the first 
monolayer facing the gold surface (Figure 2.3).[55] Interestingly, the authors found 
the seed-crystals to be single-crystalline, suggesting the twinning process to occur 
through particle growth or coagulation at the early stages of the growth process. 
   
Figure 2.3 Schematic illustration of pentatwinned gold nanorods (left) and their stabilization with a 
surfactant bilayer (right). [Taken with permission from ref. 55] 
 
Several CTAB analogues with different hydrophobic tail lengths were examined and it 
was found that indeed the length of the hydrocarbon chain was critical for anisotropic 
growth. Only chains longer than C12 could induce nanorod formation and aspect 
ratios were proportional to hydrocarbon chain length.[55] This was explained with the 
help of a so-called “zipping” theory, where van-der-Waals stabilization of the 
surfactant bilayer is a critical part of bilayer stability and thus of nanorod growth. An 
additional function of CTAB is the control of deposition kinetics of Au. Through 
binding of ionic gold species to CTAB-micelles, nanoparticle growth is strongly 
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retarded, making distinctions between different deposition sites on the gold seeds 
significant.[47] The impact of the seed size and surface chemistry with regard to the 
nanorod aspect ratio and yield was also investigated.[56] It could be shown, that 
especially the size of seed particles is critical for shape selectivity and anisotropy: 
While small CTAB as well as citrate capped seeds (d = 3-5 nm) led to a large portion 
of high aspect-ratio nanorods (80-85%), increasing the seed size to 16-18 nm 
produced about half as much highly anisotropic particles (45-55%) and increased 
amounts of short nanorods and triangles. Additionally, anisotropy of the nanorods 
amplified when the seed size was decreased. No distinct explanation could be 
delivered, but most likely the changed crystal structure of the seed particles was 
responsible for the change in particle shape. 
 
Ag-assisted one-step seeded growth technique. 
By means of the seeded growth method in the presence of AgNO3 according to the 
method introduced by El-Sayed[48] single crystalline nanorods are obtained. Large 
side-facets were found to be of the type {100} or {110}, with {111} forming the sides 
of the head and tail faces of the rod (Figure 2.4).[41,57]  
 
Figure 2.4 Schematic illustration of the crystal structure of single crystalline gold nanorods. 
 
In most mechanistic theories, the distinction of these different facets by adsorbents 
(metals, surfactants, etc.) plays a major role. Particularly interesting is the role of 
AgNO3. There is an optimum for the AgNO3 concentration where the highest rod 
aspect ratio is obtained. The authors assumed that at low concentrations, silver 
forms complexes with CTAB that aid nanorod growth, while at higher silver 
concentrations, different species with CTAB might develop which do not promote 
nanorod growth the same way.[48] Later, the idea of underpotential deposition of 
silver on gold nanoparticles was introduced.[57] It was hypothesized that 
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underpotential deposition of Ag occurred preferentially on the side facets of the 
nanorods. Above a certain concentration, the whole nanorod crystal should be 
covered by a passivating Ag layer terminating further nanorod growth.[58] Previous 
reports about the synthesis and structure of single-crystalline gold nanorods have 
suggested the role of surfactant to be threefold: First, to induce anisotropic growth by 
kinetic selection through preferential adsorption of CTAB to low-density {100} and 
{110} crystal facets (perhaps supported by the development of ad-layers formed by 
the underpotential deposition of Ag(I)), second, the stabilization of nanorods in 
solution through formation of a surfactant bilayer and third, to slow the supply of Au(I) 
to the nanoparticle surface and thus control the kinetics of the gold deposition. 
[42,47,59-62] Next to these major contributors to shape selectivity, the concentration 
of all conventional reagents applied (HAuCl4, AgNO3, ascorbic acid, CTAB) in the 
primary growth solution when preparing nanorods, influence particle dimensions and 
shape.[63]  An increased concentration of ascorbic acid generally reduces rod aspect 
ratio.[49] This can be explained by the greater speed of the growth process, making 
discriminations between different deposition sites for gold less effective and thus 
leading to a more isotropic particle growth. Adding extra reducing agent after 
nanorod growth can lead to the formation of “dog-bones”, i.e. nanorods with 
extended ends. This was explained by a less dense surfactant layer at nanorod ends 
causing a simplified gold deposition.[59] Also, the effect of the seed solution was 
studied. Low amounts of seed lead to particles with larger aspect ratios and also 
overall dimensions, which is due to the higher Au(I) / seed ratio. Upon increase of the 
number of seed particles, the resulting rod thickness is reduced more strongly than 
its length, therefore an overall increase in aspect ratio is observed. Thus, a lower 
excess of gold salt leads to better discrimination of gold deposition sites, i.e. 
anisotropic growth.[49] Additionally seed-crystal morphology is critical for the 
nanorod formation. Only single-crystalline seed-crystals can be used to nucleate the 
rod formation in this synthetic approach while twinned seed-crystal structures lead to 
the formation of five-fold twinned bipyramids.[57]  
An alternate way to study the role of certain reagents is to exchange them against 
compounds that – according to the theories for nanorod growth – should behave 
similarly or superiorly. Until now, this has only been done in very few instances. Next 
to different kinds of seed crystals, only few surfactant systems with structural 
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differences were investigated. For example ammonium ions with shorter alkyl chain 
lengths were studied as main- or co-surfactants.[47] In these cases CTAB proved 
most effective, giving the best yields and aspect ratios. The addition of BDAC as co-
surfactant was reported to yield nanorods with higher aspect ratios of 4,6 to 10.[48] 
Replacement of CTAB with cetyl triethylammonium bromide (CTEAB) led to a 
reduction of growth speed and high anisotropy gold nanorods.[64] Also, the effect of 
different counter ions of cetyl trimethylammonium cation was tested, indicating a 
correlation between the affinity of the surfactant species to the gold surface and the 
tendency to support anisotropic growth. In the presence of mild reducing agents, the 
high-affinity adsorption of Br-, NO3-, and Cl- (as determined for C16TAX on gold using 
a quartz crystal microbalance)[65] on gold surfaces produced anisotropic gold 
nanoparticles, with Br- having the highest affinity and best rod-inducing capabilities. 
Conversely, only spherical gold nanoparticles were obtained for weakly bound 
counter ions such as SO42-, F-, and OH-.[47,65,66] Other publications also 
emphasized the importance of halide absorption on gold nanoparticle surfaces, 
presenting the development of different shapes depending on the choice of counter 
ion. Special significance was assigned to iodide, bromide and chloride.[67,68] 
Based on the results presented above, the next few chapters of this work will deal 
with further investigations of the growth mechanism of gold nanorods so that a 
clearer picture of the growth process can be obtained.  
 
2.4 Applications 
Gold nanorods exhibit many extraordinary properties which can be exploited for 
example in catalysis, electronics or for optical applications. Catalysis, for example, 
makes use of their high surface-volume-ratio and characteristic atomic surface 
structure.[69] The catalytic properties of nanoparticles are determined by particle size 
and shape, so that unique characteristics are expected for gold nanorods when 
compared to spheres or other shapes. This can be attributed to the potential binding 
sites presented by the atoms situated at corners and edges as well as on their crystal 
structure. In the case of single-crystalline gold nanorods, the large, high-energy {110} 
facets should give rise to special catalytic properties which should differ from penta-
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twinned nanorods exhibiting large {100} facets. Recent publications have found 
differing catalytic activity for differently shaped gold nanoparticles as well as for 
single-crystalline nanorod with different aspect ratios.[70] Additionally, surface 
modifications might play a role. Recently, it was argued that (for pentatwinned gold 
nanorods) less tightly bound ligands lead to more catalyst active sites and thus 
catalytic efficiency is improved.[71] 
Electrochemical applications for anisotropic nanoparticles mainly consist of new and 
improved sensing devices and electrochemical biosensors in particular. Mainly, they 
are intended to facilitate the electron transfer kinetics between electrodes decorated 
with nanoparticles and the (bio)molecules attached to them. In case of spherical 
particles, the main factors influencing electrochemical characteristics are size and 
stabilizing ligands. However, the properties of anisotropic structures depend on more 
parameters like aspect ratio or orientation. Recent works have shown that gold 
nanorods can improve the conductivity of a poly(vinyl alcohol)-modified enzyme 
electrode and increase its current response significantly.[72] In another study single 
crystalline gold nanorods of varying aspect ratios were self-assembled on a 1,6-
hexanedithiol modified gold electrode and different surface orientations were 
observed. In this case, short vertically aligned rods showed higher peak currents and 
faster electron transfer than larger side-bonded nanorods.[73] 
Most frequently exploited are the optical properties of gold nanorods. The strong, 
tuneable absorption, which is caused by the surface plasmon resonance, has gained 
an enormous amount of interest in the last few years, since it can be used for 
numerous applications – many of them in the biomedical field. Thus, the next 
chapters will deal with the optical properties of gold nanorods and describe the 
requirements these particles have to fulfil in order to be applicable as a therapeutic 
agent in vivo.  
 
2.4.1 Optical properties 
One of the most attractive properties of metallic nanoparticles is the plasmon 
resonance. It is the basis for many applications in various fields, including diagnostic 
(sensing) and therapeutic (hyperthermia, drug delivery). The plasmon resonance is a 
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coherent oscillation of electrons along the particle surface, which leads to strong 
interactions with electromagnetic radiation at a resonance frequency. For gold 
nanoparticles, this causes an intense absorption of visible light, giving particle 
solutions their intense colour. The number and position of plasmon bands depends 
predominantly on particle dimensions and geometry. Thus resonance peaks can 
occur in the visible to infrared wavelength regime. Additionally, the dielectric constant 
of the material of the nanostructure, the surrounding medium, the state of the surface 
(solvents, coatings) or the inter-particle distance influence position and shape. 
The optical properties of spherical, metallic nanoparticles can be predicted 
quantitatively using Mie’s theory.[4,74,75] According to his theory, the so-called 
absorption cross section can be calculated for particles much smaller than the 
wavelength of the exciting electromagnetic (EM) irradiation. It is dependent on the 
dielectric constant of the medium and the volume of the particles and is a measure of 
the intensity of the absorption of a single particle. Thus, plotting the absorption cross 
section against the wavelength corresponds to the run of a macroscopic absorption 
spectrum (Figure 2.5). For anisotropic particles like nanorods, a modified theoretical 
approach can be used to calculate the optical properties. With the help of the dipole 
approximation of Gans, the absorption cross section of randomly oriented rodlike 
particles can be plotted (Figure 2.5). A more detailed discussion of the calculation of 
absorption spectra of gold nanoparticles is given in chapter 3.  
As depicted in Figure 2.5, in the case of rodlike gold particles the incident irradiation 
induces a collective oscillation of the free electron gas, which leads to an oscillating 
dipole moment along the rods’ major (longitudinal) and minor axes (transverse). 
Thus, a characteristic splitting of the plasmon resonance of rodlike particles is 
observed. The transverse band shows only little dependence on nanorod thickness 
and anisotropy and is usually positioned at wavelengths around λ = 510 to 530 nm. 
For higher anisotropies and / or lower rod thickness, a slight blue-shift is observed. 
The longitudinal band, however, shows high sensitivity towards rod aspect ratio. By 
controlling the aspect ratio, the longitudinal plasmon peak can be shifted between 
~600 nm (anisotropy ~2) and >1100 nm (anisotropy >6). 
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Figure 2.5 Calculated absorption cross section of gold nanoshperes with a diameter of 10 nm (left) 
and nanorods  with an aspect ratio of 3 (length L = 18 nm, diameter d = 6 nm, right) in aqueous 
solution plotted against the wavelength. 
 
2.4.2 Biocompatibilization of gold nanorods 
The unique optical properties of gold nanoparticles in combination with the low 
cytotoxicity and biocompatibility of gold has fuelled research in their synthesis and 
development of formulations for biomedical applications for more than 90 years.[76] 
Although recent in vitro studies show toxic effects of very small gold nanospheres on 
cell lines, particles bigger than 10 nm are generally considered biocompatible and 
show low cytotoxicity.[77] Due to this, their importance in pharmaceutical approaches 
is expected to increase further in the next decades.[78] Besides the classical 
spherical shape[5], AuNP nowadays are synthesized in various shapes. The 
tuneable, near infrared (NIR) plasmon resonance of rod-like gold nanocrystals has 
opened new possibilities in the field of photo-thermal therapy, which use the rods’ 
ability to convert NIR-radiation into heat to tag and destroy selected cells.[79] 
However, a fundamental problem in the realization of these technologies lies in the 
need for cytotoxic capping agents (e.g. CTAB), which are necessary in order to 
induce anisotropic particle growth in aqueous solution.[9,48] One possible strategy 
for biocompatibilization is the quantitative separation and replacement of CTAB with 
suitable non-toxic ligands. For this purpose, polymeric compounds such as 
poly(ethylene oxide) (PEO) based molecules are promising candidates. Due to their 
hydrophilicity and neutral charge, PEO shows almost no interactions with proteins 
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and cells, which is why modifying bioactive moieties with PEO leads to prevention of 
their recognition by the immune system and makes longer circulation times in the 
blood possible. PEO coating systems are well-known for their biocompatibility and 
have been used extensively to create surfaces which resist non-specific protein 
adsorption and cell adhesion. Application to gold nanoparticles should therefore yield 
biocompatible particles with a stealth character, which enables them long circulation 
times in the blood without being taken up by cells.  
An important factor for preparing effective coatings is a high density of PEO polymer 
chains on a surface. To maximize the chain segment density, next to the simple 
linear chains different polymer architectures like star or branched structures might 
present advantages. Due to their compact structure higher grafting densities on flat 
surfaces could be achieved, which was shown to result in superior efficiency in 
preventing protein adsorption and cell adhesion on planar surfaces.[80] Additionally, 
the higher amount of functional groups per molecule should simplify subsequent 
biofunctionalisation.  
Because of the stable gold-sulphur bond, thiol-functionalized compounds are 
promising candidates for the coating of gold surfaces. Therefore, coating of gold 
nanorods with thiomers should be straight forward. This is a well-known protocol for 
spherical gold nanoparticles. However, in contrast to these particles, which are often 
stabilized by relatively labil layers of ionic capping agents (e.g. citrate stabilized 
nanoparticles immediately aggregate upon addition of salt), the stabilization of gold 
nanorods with CTAB is relatively stable. The addition of salts for example does not 
affect their stability. Therefore, a method needs to be established by which complete 
removal of CTAB can be verified. In the literature, different biocompatible, water 
soluble coatings of gold nanorods have been reported recently, including 
polyelectrotrolyte layer-by-layer coatings or linear PEO.[81-87] Only in few instances 
were multifunctional or branched capping agents applied to make 
biocompatibilization and functionalization more efficient.[88] An issue in many cases 
is the analysis of the coating procedure. There is no standard analytical method to 
determine whether ligand exchange was successful. Methods range from 
(semi)quantitative IR or zetapotential measurements[86,89] to indirect or non-
quantitative methods such as UV-Vis spectroscopy, biological or chemical behaviour 
of particles etc.[85,90-94] Thus, the actual efficiency of coating procedures is difficult 
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to evaluate and compare to different procedures. However this is a critical point, 
since CTAB is known to be cytotoxic. Thus in vitro and in vivo studies can only be 
done reliably and reproducibly by thorough characterization of particles obtained. In 
chapter 8, particles will be coated with biocompatible ligands in accordance with this 
requirement. 
 
2.4.3 Functional gold nanorods 
In order to exert an effect in a complex environment such as the human body, gold 
nanorods have to fulfil several basic requirements. Firstly, as explained in the last 
section particles need to be non-toxic and biocompatible. This can be achieved by 
coating of the nanostructures with polymers, e.g. with PEO.[95] However, such 
particles cannot be actively targeted to a desired cell type or tissue. They can only be 
used through passive transport using a focused laser beam as targeting device. 
Alternatively, such untargeted nanoparticles have also been shown to accumulate in 
tumour sites, since the blood vessels in their vicinity are leaky so that more particles 
can diffuse out and deposit in this area.[96,97] Nevertheless, active targeting of 
particles is highly desirable since the doses could be lowered for equal therapeutic 
effects and less adverse reactions would be expected due to unspecific 
accumulations or interactions of particles in the body. Which kind of functionalization 
is most appropriate strongly depends on the application. In case of a medical use, 
especially the targeted cell type but also the form of application (local or via the blood 
stream) determines the bioactive compounds necessary for fast and selective 
binding. Especially selectivity usually has to be optimised through trial and error.  
Several in vitro and some in vivo studies in mice have been performed for different 
nanorod systems. A popular choice for biofunctional ligands are antibodies, since 
they bind specifically to cells presenting their corresponding antigen, making 
targeting of certain cell types straight-forward. Additionally, they are usually highly 
functional, among others containing large numbers of carboxy and amine groups, so 
that they can be easily coupled through electrostatic interactions or by well-known 
coupling protocols like EDC/NHS chemistry. Several studies have shown, that 
antibody-conjugated gold nanorods can be used to selectively bind certain cell types 
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in vitro and in vivo and destruction of tagged cells via photo-induced hyperthermia is 
possible.[98-100] However, problems of this approach might be twofold. Firstly, 
antibodies are very large molecules bearing high numbers of reactive groups. Thus 
they are often structurally not well understood, so that binding to gold nanoparticles 
electrostatically or covalently is rather ill-defined and samples tend to be non-uniform 
in structure and thus biological activity. Also, due to the large size of antibodies, the 
distance between nanorods and bound cells can be quite large, making the heating 
and killing of cells during hyperthermia less effective.  
A different approach is the binding of aptamers (short, single-stranded DNA or RNA 
oligonucleotides, which can bind specific molecules due to their 3D structure) or short 
peptides to the gold nanorod surface.[101-104] Also in these cases, in vitro studies 
proved that nanorods can be bound specifically to certain types of cells (mainly 
cancer cell lines) and hyperthermic cell elimination is possible.  
In few instances, also other functionalities were introduced into the nanorod coating 
in order to increase selectivity for the attachment to a specific cell type. An example 
is folate modification of gold nanorods, which led to enrichment of the particles on the 
membranes of a tumor cell line. Subsequent near IR laser irradiation led to the 
targeted destruction of the tumor cells through nanoenabled hyperthermia.[105] 
Finally, biotinylation of nanorods has been described in the literature.[106,107] Biotin 
is a vitamin, which is well known in biotechnologies since it binds tightly to the 
proteins avidin and streptavidin. This bond is one of the strongest known protein-
ligand interactions, approaching the covalent bond in strength, thus the biotin-
streptavidin pair is often used for tagging, separation/purification or 
detection/characterization in biochemical assays. The CTAB double layer on the 
nanorod surface was either covered by a poly(acrylic acid) shell through electrostatic 
interaction and then biotinylated[107] or the surfactant was removed and exchanged 
against PEO, followed by biotinylation[106]. In both cases, attachment of biotin was 
successfully proven by and used for controlled assembly through addition of 
streptavidin. 
A general problem of all approaches is the poor characterization of biofunctional gold 
nanorods. Not only do the systems vary significantly when it comes to their structural 
build-up (CTAB removal and replacement vs. polyelectrolyte coating of CTAB, 
 Chapter 2  
 25
electrostatic vs. covalent binding of biofunctional moieties, direct binding of bioligand 
to nanoparticle surface with vs. without polymeric co-ligand, binding of bioligand to 
nanoparticle surface vs. binding to polymeric layer, type of polymer layer), but also 
the quality and quantity of biomolecule binding are in most cases not determined 
prior to biological testing or in the case of biotin prior to assembly through 
streptavidin.[98-101,105-107] In nearly all cases, biomolecule attachment to 
nanorods is only proven by studying their biological activity. Thus, comparison and 
in-depth evaluation of the results is not possible. Only in few instances, chemical 
analysis was performed to evaluate the success of functionalization. For example, 
zetapotential was used when a dramatic change in particle surface charge was 
expected[102] or inductively-coupled-plasma mass-spectrometry (ICP-MS) was used 
to detect gold and peptide separately within the sample.[103] However, the first 
method is not always applicable, since changes in particle charge are often minor 
and the second technique cannot directly prove the chemical bond between gold and 
peptide, but relies on complete removal of previously unbound ligand. Also, surface 
enhanced Raman spectroscopy has been used.[104] This is a promising procedure, 
however, in this study, it did not only substantiate the presence of peptide on the 
particle surface but also showed residual CTAB, which might influence biological 
experiments and therefore underlines the importance of careful characterization 
before subjecting nanoparticles to biological tests. In chapter 9, bioactive gold 
nanorods will be prepared and functionalization will be characterized chemically by 
different methods, which were chosen depending on the functional ligand used. 
 
2.4.4 Medical applications in nano-enabled hyperthermia 
The unique optical and magnetic properties of nanoscopic particles have gained a lot 
of interest in medicine as new diagnostic and therapeutic tools.[108-114] One of the 
main fields of applications for these particles is the hyperthermia treatment. 
Hyperthermia in medicine is used to eliminate diseased cells or tissues through 
heating in a controlled and specific way. Usually, the tissue is irradiated with laser 
light. Irradiating with lasers has the advantage of high energy density and 
monochromatic and focused radiation, which allows high efficiency and precise 
targeting during medical application. Depending on the application, different 
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wavelengths, energy densities and irradiation times can be chosen, which control the 
temperature and therefore the kind of thermal damage (warming without irreversible 
damage, protein denaturation / cell elimination, ablation e.g. laser surgery). An 
important factor is the penetration depth into tissue. Biological tissue is 
inhomogeneous, consisting of various components with different structures and thus 
different absorption coefficients (water, haemoglobin, proteins, etc.).[115] These 
components all contribute to scattering, reflection and absorption of laser light which 
determines its penetration depth. The major problem with current technologies is that 
the wavelengths usually applied lead to unspecific absorption of healthy tissue, so 
that targeting of certain cell or tissue types within the human body are not possible 
without unspecific tissue damage. Desirable are high penetration depths of laser light 
combined with strong but highly localized heating of the target area. With such a 
method, diseases like age-related wet macular degeneration (AMD) – one of the 
leading causes of blindness in the developed countries – or cancer could be treated. 
In both cases, the therapy concept is the targeted destruction of diseased cells or 
tissue: For AMD abnormal growth of blood vessels in the eye takes place, leading to 
damage of the retina centre (macula) and impaired vision. Thus, an important point of 
the therapy concept is the targeted destruction of these blood vessels before they 
can harm the macula. In the case of cancer, uncontrolled growth of cells with 
intrusion on and destruction of adjacent tissues needs to be prevented. Therefore, 
specific destruction of diseased cells, i.e. either tumour cells themselves or other 
biological components involved for example in suppression of the immune system, 
again is the main objective of therapy. In order to achieve this, nanotechnology can 
be applied. Two famous variations of nano-enabled hyperthermia, which are currently 
under investigation as treatments for the above mentioned diseases, are the 
magnetic and the photothermal method.  
The magnetic approach uses superparamagnetic nanoparticles like iron oxide. If 
these particles are functionalized with a targeting moiety, they can bind specifically to 
the desired site in an organism. By applying an external, oscillating magnetic field, 
the magnetization of the particles are reoriented and through loss processes, heat is 
locally generated and only nanoparticle-tagged cells are eliminated.[116,117] 
Nanoparticles are usually preferred to larger microparticles, since they only contain 
one magnetic domain so that they are capable of generating much higher levels of 
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heat at lower magnetic fields. Advantages of this approach are the high specificity 
and penetration depths. However, problems might arise from the choice of materials, 
since many magnetic materials show cytotoxicity. Furthermore, high magnetic fields 
are necessary to achieve therapeutic levels of heat, which could affect the economic 
efficiency. 
The photo-thermal method was originally performed with light-absorbing micro- or 
nanoparticles, i.e. pigmented particles.[118,119] It was found that particles heated by 
short laser pulses created highly localized cell damage. Today, photo-triggered 
hyperthermia uses the plasmon resonance of metallic nanoparticles, which can 
efficiently convert light into heat. Compared to the pigmented particles, the 
absorption cross section of metal nanoparticles is much larger, so that much lower 
laser energies can be used to achieve cell destruction, making therapy minimally 
invasive and highly efficient. Also, no bleaching is observed, which increases the life-
time of the active agent. Most favoured as material is gold, since it is inert in 
biological conditions and non-toxic in the elemental form. Additionally, the 
nanoparticle synthesis and surface modification is well studied and easy to control. 
Like magnetic particles, gold nanoparticles have to carry biologically active moieties 
in order to reach their site of action. Irradiation of such metal-cell-complexes with light 
of suitable wavelength will cause the particles to act as point heat sources. They 
absorb the light (corresponding to the position of their surface plasmon band) and 
convert it to local heat, which then kills only nanoparticle-tagged cells. Due to their 
high energy dissipation per particle, only low concentrations of nanoparticles should 
be necessary to induce a therapeutic effect. A major advantage of the photothermal 
method compared to the magnetically induced hyperthermia, is the low technical 
effort that is necessary. While for the latter method, a magnetic field has to be 
applied, the first only requires a light source emitting the desired wavelengths and 
thus is easy to apply. A critical point for photo-thermal hyperthermia is the position of 
the plasmon peak of gold nanoparticles. As explained above, the penetration depth 
of radiation into tissue is highly dependant on the amount of its absorption, scattering 
and reflection, which in turn depends on the wavelength of light. Figure 2.6 depicts 
the absorption coefficients of major tissue components, like water, haemoglobin (Hb / 
HbO2 in the blood) or melanin (skin pigment). It is evident, that the highest 
transparency is present at a wavelength around 600 - 900 nm. Scattering decreases 
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with rising wavelength, therefore in order to obtain optimal transparency of tissue, the 
laser wavelength should be chosen in the range between 800 – 900 nm; here the 
penetration depth into biological tissues is several centimetres.[115] 
 
Figure 2.6 Optical absorption coefficients of major components of biological tissue.[Taken with 
permission from ref. 115] 
 
Although the plasmon resonance of spherical gold nanoparticles can be tuned by 
tailoring the particle diameter, the peak cannot be shifted beyond λ ≈ 600 nm. Thus, 
spherical particles are not suitable for in vivo applications. Other shapes with red-
shifted plasmon peaks are necessary. Particles which proved suitable are gold 
nanoshells, which were developed late in the 1990s[120] and gold nanorods; both 
particle structures allow the tuning of their plasmon band in a certain wavelength 
range around 800 nm through control of their structural dimensions. Gold nanoshells 
consist of a dielectric core (silica) and a thin gold shell. While optical properties of 
nanorods are governed by the rod aspect ratio, those of nanoshells depend on the 
diameter of the silica core as well as on the thickness of the gold 
shell.[113,114,121,122] A disadvantage of these particles is their rather complex and 
time-consuming synthesis, when compared to nanorods, as well as their large size. 
With diameters around 100 nm,[113] application of nanoshells in vivo or uptake into 
targeted cells might be problematic. With respect to this, nanorods have an 
advantage. Their comparatively small size (width x length ≈ 10 x 40 nm) enables 
longer circulation times under in vivo conditions since these particles show an 
improved stability against agglomeration. Furthermore, small dimensions (<50 nm) 
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facilitate targeted uptake into cells, so that more efficient heating and elimination of 
cells might be possible when compared to hyperthermia through particles attached to 
the cell surface.  
In vitro and in vivo studies have proven gold nanoshells successful for hyperthermia 
therapy[123,124] and recently, clinical trials have started using this material 
(AurolaseTM).[125] As detailed in section 2.4.3, gold nanorods show similar promise 
for the targeted destruction of cells through hyperthermia.  
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3. Sequential Growth Process[1] 
 
3.1 Introduction 
The intimate dependence of the physical properties on the lengthscales and 
geometry of metal nanoparticles has motivated research in developing 
methodologies for size- and shape-controlled crystal growth. One example that has 
attracted particular interest is the synthesis of gold nanorods, in which the anisotropic 
particle shape gives rise to the splitting of the plasmon resonance in transverse and 
longitudinal modes. The sensitivity of the longitudinal plasmon mode on the particle’s 
anisotropy facilitates opportunities for a wide range of technological applications of 
gold nanorods such as sensing, imaging or photo-thermal therapy technologies that 
have been investigated recently [2-8]. The synthesis of anisotropic gold particles 
generally requires a mechanism for symmetry breaking to facilitate the anisotropic 
growth of the face-centered cubic gold and several wet-chemical methodologies have 
been developed that are based on template-assisted growth or the addition of 
structure-guiding additives. The first realization of gold nanowires was demonstrated 
by electro-deposition using porous membranes based on anodized alumina or etched 
poly(carbonate) as structure-guiding template [9-15]. While this technique has the 
advantage of being compatible with a wide variety of material compositions, the 
dimensions of the attained nanostructures are typically an order of magnitude larger 
than those of alternate wet-chemical techniques and only limitedly applicable to the 
technology areas mentioned above. Moreover, membrane imperfections have shown 
to result in significant numbers of more complex particle shapes that cannot be 
readily separated from the product [11]. Esumi et al. were the first to use a 
photochemical reduction in the presence of cylinder-micelle forming, cationic 
surfactants (cetyl trimethylammonium chloride) to attain anisotropic gold 
nanostructures [16]. This approach demonstrated the feasibility of anisotropic growth 
in precipitation reactions, the resulting thread-like gold nanostructures, however, 
exhibited poor morphological control. More recently, the Murphy group introduced a 
seeded-growth approach in which spherical gold nanocrystals are used as seeds to 
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grow gold nanorods in the presence of weak reducing agents and cationic 
surfactants [17,18]. This method has shown to yield gold nanorods with aspect ratios 
ranging from 2-10 and average rod diameters of some tens of nanometers and has 
attracted enormous interest as a scalable synthetic technique for well-defined gold 
nanorods. El-Sayed and coworkers demonstrated that – similar to the 
electrochemical growth technique – the efficiency of the reaction as well as the 
control of the nanorod anisotropy can be enhanced by the presence of Ag(I) during 
rod formation [19-22]. Despite the significant efforts in understanding the mechanism 
of rod growth, the role of auxiliary reagents present during the reaction and even the 
structure of the nanorods are still disputed. This can be attributed to the complex 
reactant composition and the sensitivity of crystal growth to the reaction conditions. 
In the following the major conclusions of previous studies of the structure of gold 
nanorods will be summarized in order to provide the context for our work.  
Using combined high-resolution electron microscopy (HRTEM) and selected area 
diffraction (SAD) Johnson et al. suggested the nanorods to exhibit a five-fold multi-
twinned structure with five {100} and ten {111} facets similar to nanowire structures 
that were previously grown from gold, copper and silver [23-25]. In this model, the 
nanorod is assumed to evolve from a five-fold twinned decahedral seed-crystal by 
preferential growth along the [110] direction, with the capping agent directing the 
structure evolution by stabilizing the generated {100} facets rather than the low-
energy {111} facets. Interestingly, the authors found the seed-crystals to be single-
crystalline, suggesting the twinning process to occur through particle growth or 
coagulation at the early stages of the growth process. More recently, Liu et al. 
studied the implications of seed-crystal morphology on the nanorod formation. 
Whereas for twinned seed-crystal structures the formation of five-fold twinned 
bipyramids was observed the authors report the formation of single-crystalline gold 
nanorods if single-crystalline seed-crystals are being used to nucleate the rod 
formation [26]. In this case, side-facets were found to be of the type {100} or {110} 
with {111} facets forming the side facets along the head and tail faces of the rod. 
These findings are in agreement with an independent report by Song et al. who found 
gold nanorods to be single-crystalline when synthesized following the procedure 
used by the Ag(I) assisted seeded-growth technique [27]. A comment to be made is 
that the multi-twinned nanorods studied by Johnson et al. were about twice in 
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thickness (d ~ 30-40 nm) than the nanorods studied by Liu et al. and Song et al. (d ~ 
15 nm) and were prepared in the absence of Ag(I). From these previous studies it 
appears that there is not a unique mechanism responsible for the anisotropic growth 
and the role of the respective reaction parameters remains elusive.       
In this contribution a sequential growth procedure of gold nanorods is presented that 
provides insight into the morphological effects of the various reactants present in the 
growth solution. In a first step, gold nanorods are synthesized using the Ag(I) 
mediated seeded-growth procedure as described in the reference [19]. The rods are 
then purified from spherical particle byproducts and excess surfactant by 
centrifugation and washing and subsequently applied as “seed-rods” in a secondary 
growth solution that has been modified by systematic deletion or concentration of 
reactants from the original growth solution. The procedure is depicted in Scheme 3.1.  
 
Scheme 3.1 Illustration of the sequential synthesis procedure and the resulting particle geometries of 
the gold nanorods after overgrowth. 
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Conceptually the experimental approach presented in our paper is most closely 
related to the overgrowth procedure reported by Song et al., however, the focus of 
the present work is to provide a systematic analysis of the implications of the 
overgrowth conditions on the morphology of gold nanorods using well-defined seed-
nanorods as reference state as well as an analysis of the time dependence of the rod 
formation [27]. The distinct morphological features that result from the overgrowth 
under modified reaction conditions give insight into the particular relevance of the 
surfactant, Ag(I) and the reducing agent in stabilizing the anisotropic particle growth. 
Next to providing valuable information about the mechanism of rod formation, the 
sequential growth approach is shown to facilitate excellent control over particle size 
and shape, which is particularly interesting for the synthesis of technologically 
relevant low-anisotropy nanocrystals that are difficult to attain in single step 
procedures.  
 
3.2 Results and Discussion 
The synthesis of gold nanorods via the seeded-growth approach is carried out by 
combining an aqueous seed solution containing pre-synthesized spherical gold 
particles stabilized by CTAB with an aqueous solution of Au(I) that is stabilized by an 
excess amount of CTAB. The seeding process is performed by reduction of Au(III) 
with a strong reducing agent, resulting in fast nucleation and the formation of 
spherical nanocrystals. Subsequently the rod formation is facilitated by reduction of 
Au(I) with a weak reducing agent, probably mediated by catalytic effects of the metal 
particle surface.  
In the following, results of the structural characterization of the products of the 
respective stages will be presented and discussed in the context of previous 
conclusions on the growth mechanism of gold nanorods. 
 
Seed nanocrystals 
Seed nanocrystals were found to be of average particle diameter dseed ~ 4 nm ± 
1 nm. Figure 3.1 depicts a HRTEM image of the seed crystals confirming their single-
crystalline structure. More quantitative  analysis of the seed-crystals reveals that 
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about 75% are single-crystalline and about 25% exhibit a twinned structure that could 
in part be interpreted as five-fold twinned decahedral shapes. This result agrees with 
reports by Song et al. and Liu et al. who also observed mostly single-crystalline seed-
crystal morphologies when crystals were prepared following the procedure developed 
by El-Sayed et al. [19,26,27].  
 
Figure 3.1 High-resolution electron micrograph revealing (111) plane stacking of single-crystalline 
structures of seed nanocrystals.  
 
For crystalline materials the equilibrium structure is generally predicted by the Wulff 
construction that aims to minimize the surface energy of a free particle. For gold, the 
surface energy for the low-crystallographic planes is γ{110} > γ{100} > γ{111} and the 
Wulff polyhedron is equal to a truncated octahedron, exhibiting eight {111} and six 
{100} faces as indicated in Scheme 3.2 [28,29]. However, based on numerous 
studies of small gold nanocrystals it is understood that the different crystal structures 
are separated by only small energy barriers (~ kBT) and thus precipitation reactions 
at room temperature often result in distribution of particle shapes [30-33]. In particular 
for small particle sizes it was shown that the five-fold twinned decahedral structure 
can be energetically favored, suggesting that the mixture of crystal morphologies is 
rather natural for the given particle size range [34]. Because of the single-crystalline 
morphology of the resulting gold nanorods (see next section) it can be concluded that 
single-crystalline gold nanocrystals indeed act as seeds for the subsequent rod 
formation, although it cannot be excluded that single-crystalline nanocrystals undergo 
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a twinning transformation (or vice versa) at the early stages after addition of growth 
solution. 
 
Scheme 3.2 Illustration of truncated octahedra representing equilibrium particle shapes (Wulff-shape) 
of gold (see text for details). Panel a – c correspond to increasing importance of {100} facets.  
 
 
Primary nanorod formation 
Nanorods were synthesized by the Ag(I)-mediated seeded-growth procedure and 
purified by centrifugation and separation of spherical particle byproducts as well as 
excess CTAB [19]. Figure 3.2a depicts an electron micrograph of the purified rod 
solution that was subsequently subdivided in different batches for the overgrowth 
reactions. The particle size distribution shown in Figure 3.2b was evaluated from 
image analysis: the average anisotropy and rod thickness were determined to be 
〈L〉/〈d〉 = 3,4 ± 0,6 and 〈d〉 = 11 ± 2 nm (with 〈L〉 and 〈d〉 denoting the average rod 
length and thickness, respectively) and confirmed by comparison of the experimental 
and theoretical longitudinal plasmon resonance frequencies (not shown here). After 
extraction and purification the nanorods were found to be stable in distilled water for 
weeks as evidenced by the almost unchanged absorption characteristics depicted in 
Figure 3.2c.  
A HRTEM image of a typical rod crystal structure and the different crystal orientations 
are illustrated in Figure 3.3. The nanorods were found to be mostly single-crystalline 
with {110} and/or {100} side-facets and {100} and {111} facets in the end-cap regions 
of the rods. This is in agreement with a series of previous studies that reported 
single-crystalline nanorod morphologies [26,27,35,36]. The preferential growth of the 
{110} and {100} planes has been attributed to kinetic effects resulting from the 
preferential adsorption of the surfactant on the low-density crystal facets due to their 
increased surface energy, and because of the more favorable epitaxial relation [37]. 
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The occurrence of high-energy {110} planes is particular in the formation of single-
crystalline gold nanorods and might be a key to understand some of the kinetic 
phenomena observed in the synthesis of gold nanorods (see below). 
 
Figure 3.2 Panel A: Bright-field electron micrograph depicting purified seed-nanorods. Panel B: 
Distribution of particle anisotropy determined by image analysis. Panel C: UV/vis absorption spectrum 
of a purified nanorod solution after 7 days (black continuous line) and 28 days (red dashed line), 
respectively. 
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Figure 3.3 High-resolution electron micrograph of seed nanorods confirming growth along [100] 
direction. Panel A: HRTEM of a nanorod revealing {100} planes normal to growth direction. Panel B: 
HRTEM of a nanorod revealing {111} crystal orientation. Side facets are constituted by low-density 
{100} and {110} crystal planes, end facets are constituted of {111} and {100} facets. Panel C: 
Illustration of the proposed rod morphology.      
 
It is instructive to consider the distribution of the bromide counterions in the final 
nanorod solution. Figure 3.4 depicts the gold and bromine distribution determined by 
energy-dispersive X-ray analysis along the perimeter of three parallel rods that were 
cast from the purified solution on holey carbon-coated copper grids. While the 
‘rippeling’ of bromine concentration needs to be interpreted with caution since the 
measured signal is affected by the finite resolution of the probe beam (~ 8 nm), the 
rapid vanishing outside the nanorod (at distance X > 23,5 nm) indicates that bromine 
is accumulated in the immediate vicinity of the gold surface. This is in support of 
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previous arguments that bromine participates in the stabilization of crystal facets or 
mediates the binding of surfactants to the crystal surface [7,38].  
In order to better understand the relevance of the respective reaction parameters, 
equal batches of the purified nanorod solution were exposed to a subsequent 
overgrowth process with modified growth solutions and with systematic variation of 
one reaction component.         
 
Figure 3.4 Panel A: Scanning transmission electron micrograph of purified seed nanorods deposited 
on holey carbon-coated Cu grids. Red line indicates trace for elemental analysis by energy-dispersive 
X-ray analysis (EDX). Panel B: EDX spectrum of purified seed nanorods depicting the spatial 
concentration of gold (yellow curve) and bromine (green curve). Bromine is concentrated in the 
immediate vicinity of the particle surface. 
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Morphology of nanorods after sequential overgrowth  
1. Regular growth solution 
After exposition of the primary nanorods to a second regular growth solution (i.e. 
composition of growth solution is unchanged) rather isotropic overgrowth of the 
nanorods is observed, resulting in increased particle volume (〈d〉 = 17 ± 2 nm) but 
decreased anisotropy of 〈L〉/〈d〉 = 2,4 ± 0,3. Figure 3.5 depicts electron micrographs 
of the resulting nanorods after three hours reaction time along with the corresponding 
particle size distribution.  
 
Figure 3.5 Panel A: Bright-field electron micrograph of gold nanorods after three hours of overgrowth 
using regular growth solution (i.e. growth solution equal to conditions used in reference [19]) revealing 
particles with reduced anisotropy and retained morphology. Inset shows magnified area. Panel B: 
Distribution of particle anisotropy determined by image analysis  
 
The number of spherical particles was found to be unchanged, indicating that the 
nanorods effectively acted as seeds for the overgrowth. These results are in good 
agreement with earlier studies that reported a decrease in the particle anisotropy 
after addition of further growth solution during the rod synthesis [19]. The decreased 
particle anisotropy suggests growth of {111} planes even though the reaction 
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conditions are about equal to the ones that originally favored the growth of high-
energy facets. A possible origin for this ‘shape-reversed’ growth kinetics will be 
discussed below in the context of time-effects on the rod formation.  
2. Absence of Ag(I) 
Figure 3.6 depicts electron micrographs after exposition of the primary rod particles 
to a modified growth solution devoid of Ag(I) after three hours reaction time. 
Throughout the sample rather uneven particle shapes were observed that suggest 
isotropic overgrowth of the particles. The average particle anisotropy of 〈L〉/〈d〉 = 2,3 ± 
0,4 and average width of 〈d〉 = 24 ± 6 nm were determined from the size distribution 
shown in Figure 3.6b.  
 
Figure 3.6 Panel A: Bright-field electron micrograph of gold nanorods after three hours of overgrowth 
using modified growth conditions 1 (i.e. absence of Ag(I) in growth solution) revealing early stages of 
isotropic overgrowth. Inset shows magnified area. Panel B: Distribution of particle anisotropy 
determined by image analysis.  
 
The dumbbell-type shape of the particles after overgrowth indicates a preference for 
growing {111} facets. The relevance of Ag(I) to induce anisotropic particle growth is 
particularly striking at longer reaction times after which no anisotropic particle shapes 
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could be detected (see next section). The relevance of Ag(I) in regulating the growth 
rates along the various crystallographic planes has been discussed by several 
authors. Liu et al. demonstrated the stabilization of high energy {110} and {100} 
facets in the presence of Ag(I) in the seeded growth of gold nanorods and 
rationalized their observation as a consequence of the stabilization of high-energy 
gold crystal facets by underpotential deposition of a silver monolayer [26]. A similar 
argument was made to rationalize the shape-regulating effect of Ag(I) on the growth 
of electrochemically deposited gold nanowires [38]. It is important to note that the 
implications of Ag(I) additives on the rod formation might be different for single-
crystalline and multi-twinned nanorod morphologies. Whereas for single-crystalline 
nanorods a symmetry breaking event – such as preferential adsorption of surfactant 
on high energy facets – is required to induce anisotropic growth, the presence of 
stabilizing agents might be less stringent for multi-twinned seed crystal morphologies. 
For example, it has been argued that the introduction of twin planes in five-fold 
twinned decahedral nanocrystals (that are considered to be the seed-crystals that 
give rise to five-fold twinned nanorod morphologies) favors anisotropic growth 
through recurring twinning events and defect formation [39,40]. 
3. Absence of CTAB 
The overgrowth on purified gold nanorods in the absence of surfactant (CTAB) was 
tested by addition of Au(III) and Ag(I) in concentrations equal to those of the original 
growth solution and subsequent addition of the reducing agent (ascorbic acid). 
Concentrations were chosen such as to prevent secondary nucleation and to avoid 
precipitation. Figure 3.7 depicts electron micrographs and the size distribution of the 
resulting gold nanorods three hours after addition of ascorbic acid. Consistently the 
particle shapes were found to be rodlike with a decreased anisotropy of 〈L〉/〈d〉 = 2,0 
± 0,3 and average rod thickness of 〈d〉 = 32 ± 5 nm. The decrease in rod anisotropy 
was confirmed by the blue-shift of the longitudinal plasmon frequency (not shown 
here). Furthermore, analysis of the electron micrographs suggests that the number of 
spherical nanocrystals essentially remained constant during the reaction, indicating 
that growth occurred primarily on the seed-nanorods.  
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Figure 3.7 Panel A: Bright-field electron micrograph of gold nanorods after three hours of overgrowth 
using modified growth conditions 2 (i.e. absence of CTAB in growth solution) revealing the reduced 
anisotropy and pronounced volume increase of overgrown nanorods indicating preferential overgrowth 
of {100} and {110} facets. Inset shows magnified area. Panel B: Distribution of particle anisotropy 
determined by image analysis.  
 
Several conclusions can be drawn from these observations. First, the rate of increase 
of the particle volume significantly exceeds alternate growth conditions tested in our 
study indicating that in the absence of CTAB the overgrowth occurs accelerated. This 
is in agreement with previous reports of a deceleration effect of CTAB on the particle 
nucleation and growth and is likely related to interactions between the solute species 
and the surfactant micelles [21]. Second, the decrease in particle anisotropy 
indicates the preferred formation of {111} facets to the expense of higher energy 
facets. The role of the surfactant as well as its counterion as shape-regulating 
parameter has been subject of intense debate. Since CTAB is used in significant 
excess quantities its role will likely be complex, involving coordination of anions, 
stabilization of Au(I), deceleration of the reaction rate and therefore the deposition 
rate as well as the stabilization of the nanorods in solution. There is a fundamental 
agreement in the literature that one effect of the surfactant is the stabilization of 
nanorods by formation of a surfactant-bilayer ‘encapsulating’ the rod [7,19,21,37]. 
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Based on a systematic study of the influence of alkyl-trimethylammonium bromide 
surfactants on the nanorod formation it was concluded that the particular stabilization 
of surfactant layers through interdigitation gives rise to a minimum length of the alkyl-
residue that is necessary to afford rod formation [41]. Furthermore it was suggested 
that preferential binding of the ammonium head-group to the high-energy crystal 
faces of the growing nanorods kinetically favors the anisotropic crystal growth. More 
experimental and theoretical studies will be necessary to elucidate the role of the 
surfactant. 
4. Excess ascorbic acid 
The effect of excess amounts of reducing agent was tested by increasing the amount 
of ascorbic acid to 170% of the literature value [19]. Figure 3.8 depicts an electron 
micrograph along with the corresponding particle size distribution after three hours of 
reaction time.  
 
Figure 3.8 Panel A: Bright-field electron micrograph of gold nanorods after three hours of overgrowth 
using modified growth conditions 3 (i.e. excess of ascorbic acid in growth solution) revealing Ξ-type 
particle shapes indicating preferential overgrowth of {111} facets. Inset shows magnified area. Panel 
B: Distribution of particle anisotropy determined by image analysis.     
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Particles were found to exhibit an average particle anisotropy of 〈L〉/〈d〉 = 2,6 ± 0,3 
and an average rod thickness of 〈d〉 = 22 ± 3 nm, measured in the centre of the rods. 
The overgrowth was found to be enhanced along the head/tail regions of the 
nanorods resulting in Ξ-type particle shapes with relative narrowing along the rod-
center region, indicating that overgrowth preferentially occurred along the exposed 
{111} facets. This confirms earlier results by Gou et al. who reported similar 
structures after addition of excess amounts of ascorbic acid to as-prepared nanorod 
solutions [42]. The effect of ascorbic acid to promote the growth of {111} gold crystal 
facets was also reported by Elechiguerra et al. who demonstrated the formation of 
star-shaped nanocrystals by selective growth of the {111} faces of cubo-octahedral 
seed-crystals after addition of ascorbic acid [40]. The detailed mechanism for the 
promotion of the growth of high-density crystallographic planes by ascorbic acid is 
not understood, however, an important conclusion can be drawn from the 
pronounced shape-uniformity of the Ξ-type particles. Assuming a similar mechanism 
to be responsible for the growth of the various seed-nanorods the uniformity of 
particle morphologies after overgrowth confirms that the majority of rod morphologies 
should be indeed analogue to the rod morphologies depicted in Figure 3.3.           
Time effect 
In the discussion presented above particle shapes were compared after a reaction 
time of three hours, which was chosen for experimental convenience and because it 
represents a rather typical timescale for nanorod formation. The influence of reaction 
time on the particle evolution was monitored by UV/vis absorption spectroscopy 
which facilitates the determination of particle anisotropy for statistically representative 
particle ensembles via the relative positions of the transverse and longitudinal 
plasmon absorption frequencies. Figure 3.9 depicts the UV/vis absorption spectra of 
sealed solution samples of the secondary growth reactions involving regular growth 
solution and conditions devoid of CTAB or Ag(I), after a reaction time of one week 
and four weeks, respectively. The results confirm the short-time observations, i.e. a 
more pronounced blue shift of the longitudinal plasmon absorption frequency – and 
thus a smaller particle anisotropy – is observed for secondary growth conditions 
devoid of CTAB and Ag(I).  
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Figure 3.9 UV/vis absorption spectra of sealed overgrowth solutions at intermediate and long reaction 
times – Panel A: 7 days and Panel B: 28 days. Curves represent regular growth conditions (blue 
dashed line) as well as growth solution devoid of CTAB (red dotted line) and Ag(I) (black solid line), 
respectively. Unchanged positions of transverse and longitudinal plasmon frequencies for growth 
conditions devoid of CTAB reveal constant particle anisotropy and confirm increased rate of 
overgrowth. In absence of Ag(I) transition to spherical particles is observed at long reaction times (see 
text for details). 
 
For all samples an increase in the absorption coefficient is observed after four weeks 
indicating the increase in particle volume (the absorption coefficient of a particle is 
approximately proportional to its volume) as well as a blue-shift of the longitudinal 
plasmon frequency, indicating a decrease in the particle anisotropy [43]. For 
overgrowth conditions devoid of CTAB the highest absorption coefficients are 
obtained in good agreement with the increased particle volumes determined by 
electron microscopy. After four weeks, particles obtained in the presence and 
absence of CTAB exhibit equal anisotropies as indicated by the congruent positions 
of the longitudinal plasmon absorbance frequencies (λL, +CTAB = 619 nm, λL,-CTAB = 
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613 nm). For secondary growth conditions devoid of Ag(I) the merging of transverse 
and longitudinal plasmon frequencies along with a pronounced increase in the 
amplitude of the transverse absorption band is observed, indicating the formation of 
large spherical particles. This observation further supports the relevance of Ag(I) in 
stabilizing low-density crystal facets that are associated with the formation of 
anisotropic particle shapes.  
Interpretation of time effects on the rod evolution 
Interestingly, all secondary growth conditions were found to result in a decrease of 
particle aspect ratios. The shape-reversal in the evolution of gold nanorods is a 
typical characteristic of rod-formation: at short reaction times (the details depend on 
the reaction conditions) anisotropic growth is observed whereas at longer reaction 
times the anisotropy is found to decrease, suggesting an ‘optimum reaction time’ for 
the synthesis of high aspect ratio nanorods. The increase and subsequent decrease 
of the rods’ aspect ratio is evidenced in Figure 3.10 that depicts the time dependent 
UV-vis spectra of a regular growth solution during one hour of reaction time.  
 
Figure 3.10 UV-vis absorption spectra of a nanorod growth solution after t = 60, 300, 600, 900 and 
3600 seconds (brighter colour refers to longer reaction time). Shift of plasmon absorption frequency 
indicates the change in particle aspect ratio. Inset: rod aspect ratio calculated by comparison of 
theoretical and experimental absorption spectra (see reference [44] for details).  
 
In these spectra the particle aspect ratio can be deduced from the ratio of the peak 
wavelength of the longitudinal and transverse plasmon absorption using a procedure 
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that has been outlined in reference [44]. Analysis of the optical properties of the 
nanorod solutions reveal that a maximum aspect ratio is obtained after about seven 
minutes of reaction time. Here, it is proposed that the observed shape-reversal is 
related to a surface reconstruction process that affects the binding of surfactants and 
other surface-adsorbants, thereby leveling subsequent particle growth and the first 
experimental evidence of (1 × 2) missing row surface reconstruction in solution grown 
metal nanoparticles is provided. Surface reconstruction denotes the relaxation 
process of the first few atomic layers of a metal surface in vertical direction in order to 
optimize the electron density profile of the surface [45]. One of the best studied 
reconstruction processes is the (1 × 2) missing-row reconstruction in face-centered 
cubic metals whereby a (110) surface reconstructs by elimination of alternating rows 
of atoms in [110] direction into a (111) micro-faceted surface. The reconstruction 
process is illustrated in Scheme 3.3. 
 
Scheme 3.3 Illustration of the (110) (1×2) missing-row surface reconstruction process. During 
reconstruction every second nearest neighbor row is removed, resulting in the formation of (111) 
microfacets. Panel A: front-view of reconstruction process. Panel B: side-view of reconstructed 
surface. Numbers denote atomic layers. 
 
 
Missing-row reconstruction has been extensively studied in planar metal surfaces 
and has recently been reported to occur in electrochemically grown gold nanowires 
with {110} side facets [46-48]. Figure 3.11 depicts high resolution electron 
micrographs of a [110] oriented nanorod, revealing the characteristic (111) ‘micro-
ripples’ that are typical for the (1 × 2) missing-row reconstruction process.  
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Figure 3.11 High resolution electron micrographs of surface of (110) oriented nanorod revealing the (1 
× 2) missing row surface reconstruction process of {110} facets. Panel A: nanorod; Panel B and C: 
magnified sections of image shown in (a). Arrows indicate characteristic ‘{111} ripples’ due to the 
absence of atomic rows along the {110} facets.         
 
For planar surfaces, the reconstruction process has been described by the Avrami 
equation, i.e. ( )ntkexp1NN(t) −−=∞ , with N(t) denoting the number of atoms 
participating in the reconstruction at time t, ∞N  is the number of surface sites, n ≈ 1 is 
the Avrami coefficient and k is a parameter depending on the temperature as well as 
the activation energy for atomic motion [47,49,50]. Assuming that reconstruction 
processes of nanoparticle surfaces in solution obey similar relations, it is natural to 
conclude that a nanorod – initially formed with {110} facets – will undergo a surface 
reconstruction that will alter the packing density and energy of the particle’s facets 
and result in conditions that will favor isotropic growth. Surface reconstruction might 
 Chapter 3  
 56
thus constitute a competing kinetic process that naturally gives rise to an ‘optimum 
timescale’ for rod formation. This assumption is corroborated when comparing the 
growth kinetics of single-crystalline and five-fold twinned nanorod morphologies.[51] 
In contrast to the single-crystal growth process presented here, pentatwinned 
nanorods show an increase in aspect ratio until the supply of gold salt is depleted. 
This can be expected, since twinned rod side facets are constituted by the lower 
energy gold {100} facets for which surface reconstruction is less likely to occur, 
therefore no shape-revearsal is observed. Future experiments will focus on the 
investigation of parameters that can influence surface reconstruction, e.g. kind of 
solvent or structure of surfactants / other adsorbants, and their effect on nanorod 
growth. 
 
3.3 Conclusions 
Gold nanorods prepared by the established seeded-growth method can be used as 
seed-crystals for the preparation of a variety of modified particle shapes, such as 
low-anisotropy rods or Ξ-type particles, by selective overgrowth using modified 
growth conditions that promote the growth of particular crystal facets. The presented 
results support earlier reports of the mostly single-crystalline structure of seed 
nanocrystals and nanorods prepared using the Ag(I)-mediated seeded-growth 
procedure. For all conditions tested in our study the average rod anisotropy was 
found to decrease during overgrowth indicating that the initial rod formation depends 
on a subtle balance of kinetic parameters. The observation of the initial increase and 
subsequent decrease of particle anisotropy can be rationalized as the consequence 
of competing surface reconstruction processes that result in lower-energy surface 
morphologies and in alterations of the binding of ligands to the particle surface. This 
finding suggests that strategies for the synthesis of high aspect ratio nanorods could 
capitalize on the presence of ligands or additives that impede the reconstruction 
process. It also provides a rationale for the relevance of Ag(I) that has shown to be 
critical to retain particle anisotropy during the overgrowth reaction since 
reconstruction processes on plane metal surfaces were shown to be dramatically 
affected by the presence of secondary metal atoms.  
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3.4 Materials and Methods 
Materials. Tetrachloroauric(III) acid trihydrate (ca. 52% as Au) and cetyl 
trimethylammonium bromide (CTAB) were purchased from Fluka. Sodium 
borohydride, L-(+)-ascorbic acid and silver nitrate were purchased from Aldrich. All 
chemicals were used as received. Bidistilled water was used in all syntheses (Elga 
Purelab Ultra Plus UV). 
Nanorod synthesis. Nanorods were prepared via a seed mediated growth 
procedure on the basis of the reports published by El-Sayed et al [19]. In a typical 
nanorod synthesis, a growth solution was prepared by mixing aqueous silver nitrate 
stock solution (125 µL, 1 µmol), CTAB stock solution (4 mL, 0,8 mmol), bidistilled 
water (4,625 mL), and a stock solution of hydrogen tetrachloroauric(III) acid trihydrate 
(1,4 mL, 4,2 µmol) in the given order and stirring at room temperature. The yellow 
solution turned colorless upon addition of aqueous ascorbic acid solution (90 µL, 4,5 
µmol). 
A seed solution was prepared by mixing CTAB stock solution (5 mL, 1 mmol), 
bidistilled water (4,2 mL), and a stock solution of hydrogen tetrachloroauric(III) acid 
trihydrate (0,8 mL, 2,4 µmol) in the given order. Under vigorous stirring freshly 
prepared, ice-cold, aqueous sodium borohydride solution (0,6 µL, 6 µmol) was added 
and the solution turned from orange to yellow-brown. Seed solution (12 µL) was 
added to the growth solution to start nanorod growth. The seed solution was used 
within five minutes up to two days after preparation. 
After about 2,5 hours of reaction time, the nanorod solution was centrifuged at 
11 000 rpm for 30 minutes. The supernatant was removed. After dilution of the 
concentrate the centrifugation was repeated to remove excess surfactant from the 
solution.   
Unmodified Nanrods. The rod concentrate, obtained via centrifugation, was diluted 
with 10 ml of bidistilled water. 
Nanorod modification with regular growth solution. A growth solution was 
prepared in analogy to the one used for the nanorod synthesis. The as-prepared rod 
concentrate, obtained via centrifugation, was added to this second growth solution. 
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Nanorod modification with growth solution without silver nitrate. This modified 
growth solution was prepared by mixing CTAB stock solution (4 mL, 0,8 mmol), 
bidistilled water (4,750 mL), a stock solution of tetrachloroauric(III) acid trihydrate (1,4 
mL, 4,2 µmol), and an aqueous ascorbic acid solution (90 µL, 4,5 µmol) in the given 
order and stirring at room temperature. To this second growth solution the as-
prepared rod concentrate, obtained via centrifugation, was added. 
Nanorod modification with growth solution without CTAB. Bidistilled water 
(8,625 µL), aqueous silver nitrate stock solution (125 µL, 1 µmol), and a stock 
solution of tetrachloroauric(III) acid trihydrate (1,4 mL, 4,2 µmol) were mixed and 
added to the as-prepared rod concentrate obtained via centrifugation. Subsequently, 
ascorbic acid solution (90 µL, 4,5 µmol) was added. 
Nanorod modification with growth solution with an excess of ascorbic acid. 
This modified growth solution was prepared by mixing CTAB stock solution (4 mL, 
0,8 mmol), bidistilled water (4,750 mL), a stock solution of tetrachloroauric(III) acid 
trihydrate (1,4 mL, 4,2 µmol), and an aqueous ascorbic acid solution (150 µL, 7,5 
µmol) in the given order and stirring at room temperature. To this second growth 
solution the as-prepared rod concentrate, obtained via centrifugation, was added. 
Instrumentation. Absorption spectra were acquired using a Shimadzu UV-Vis-
spectrophotometer UV160A. TEM images were acquired using a Philips CM10 
PW6020/10 transmission electron microscope with an accelerating voltage of 100 kV. 
TEM grids were prepared by putting a drop of the concentrated nanorod sample 
(30 µL) on a holey carbon or formvar-coated and carbon-sputtered copper TEM grid, 
respectively, placing the grid on a filter paper, and evaporating the solution at room 
temperature. For each sample, the size of a minimum of 100 particles was measured 
to obtain the average dimensions and the size distribution. For high resolution 
transmission electron microscopy (HRTEM) and energy-dispersive X-ray (EDX) 
measurements a FEI Tecnai F20 transmission electron microscope was used, 
containing an energy filter (Gatan GIF 2000), an EDX system (EDAX) and a HAADF 
detector. 
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4. Impact of Secondary Metals on Particle 
Morphology during Seeded Growth[1]  
 
4.1 Introduction 
The field of metal nanoparticles has attracted steadily growing interest in the last 
decades due to their unique properties, which cannot be realized with bulk materials 
and thus open up a wide variety of new applications.[2] Control of nanoparticle shape 
plays a crucial role in developing new techniques as shape influences the 
nanoparticles’ intrinsic chemical, optical, and catalytic properties and thus also their 
relevance for electronic, plasmonic, and sensing applications.[3-7] Especially in 
catalysis, not only shape and size but also the characteristic atomic surface structure, 
i.e. the predominant crystal facets of the particles, is a decisive factor for their 
catalytic efficiency. As an example, significant differences in reaction rate have been 
observed for polycrystalline and single-crystal Co nanoparticles in the Fisher-Tropsch 
process.[8] Also, a recent publication highlighted the altered catalytic activity of 
differently shaped gold nanoparticles as well as single-crystalline nanorods with 
different aspect ratios for selective chemical reduction of aromatic nitro 
compounds.[9] Therefore, the targeted synthesis of nanoparticles with a specific 
shape and size and a defined crystallographic structure is a prerequisite for an 
efficient application in catalysis. 
There are different possibilities for shape-selective nanoparticle synthesis with well-
defined structure; one of which is the so-called seeded growth. This concept has 
been known for over 50 years.[10] In this approach, the seeding step is separated 
from the growth step to obtain good control of size and shape. Metallic seeds are 
prepared under strongly reductive conditions, so that nucleation occurs rapidly and 
size distribution is narrow. The subsequent growth step can be performed with milder 
reducing agents so that growth takes place in a more controlled way, making the 
formation of non-equilibrium dimensions and shapes possible (see Scheme 4.1). 
Critical factors influencing particle morphology during seeded growth are seed 
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structure and the presence of shape directing additives. The crystallinity of seeds 
(single crystals, twins) usually predetermines the crystallinity of the final 
nanoparticles and the presence of surface-active agents (surfactants, secondary 
metals) can cause stabilization and thus passivation of specific crystallographic faces 
against growth. 
Recently, a seeded growth protocol was introduced for the controlled synthesis of 
spherical gold nanoparticles with different sizes[11] that was later altered so that 
anisotropic shapes could be obtained. Today this synthetic approach is mostly used 
for the preparation of gold nanorods[12-14], but it is a highly flexible procedure that 
has proven good control of particle size and showed potential for the preparation of 
many other shapes such as cubes, branched particles, triangles, hexagons[15] as 
well as bipyramids[16] by relatively minor changes of the growth conditions. 
However, the yield of particles is low in most cases and many of these findings were 
rather accidental and not the result of detailed knowledge of the intricate growth 
mechanisms involved. Therefore, understanding the processes involved in shape 
selectivity and targeted synthesis of non-equilibrium shapes in high-yields is still a big 
challenge.  
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Scheme 4.1 Reaction pathways that lead to nanostructures with different shapes, depending on 
crystallinity of seed particles and reaction conditions.  
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A lot of research has been done on the mechanisms involved in the seeded growth 
preparation of gold nanorods in particular and parameters influencing the synthesis 
were found to be manifold. As discussed in Chapter 3, many reaction mechanisms 
have been proposed, shedding light on different aspects of the growth process. 
Particularly interesting is the role of AgNO3, which plays a major role in controlling 
shape during seeded growth. When using single-crystalline seed particles, it is one of 
the main reasons that symmetry-breaking and anisotropic growth takes place. 
However, although a great number of studies were performed in order to elucidate 
the nanorod growth mechanism and the roles of the additives involved, it has proven 
difficult to pinpoint the actual function of silver. Many different theories were brought 
forward to explain the importance of AgNO3. El-Sayed et al. for example showed that 
there is an optimum for the AgNO3 concentration where the highest rod aspect ratio 
is obtained. The authors assumed that at lower concentrations, silver forms 
complexes with CTAB that aid nanorod growth, while at higher silver concentrations, 
different species with CTAB might develop which do not promote nanorod growth the 
same way.[12] The prevalent proposal today is that a silver species (for example 
AgBr[13], a CTAB-Ag complex[12], or elemental Ag through underpotential 
deposition[16,17]) predominantly adsorbs to the side facets of developing single-
crystalline nanorods, thus selectively restricting growth. It was argued that above a 
certain Ag concentration, the whole nanorod crystal is covered by a passivating silver 
layer terminating further nanorod growth, which would explain the optimal 
concentration of AgNO3 as observed previously. Within this theory the concept of 
underpotential deposition (upd) is especially interesting and has as of yet not been 
studied extensively due to the difficulty to detect and identify such low amounts of 
material. In order to understand the relevance of upd for nanoparticle growth better, 
this phenomenon will be discussed in more detail in the following.  
In the past, underpotential deposition has been investigated thoroughly for 
macroscopic, planar surfaces. Generally, it can occur when metal ions (Me) are 
deposited electrochemically on a foreign substrate (S). If interactions between the 
metal and the substrate atoms (Me and S) are stronger than between two metal 
atoms (Me), adsorption of a metal monolayer may occur at potentials more positive 
than the corresponding reversible potential of bulk deposition. The difference 
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between the Nernstian equilibrium potential and the actual electrode potential of 
deposition is called underpotential shift. A wide variety of metal-substrate-
combinations are known to undergo upd. It was found that the underpotential shift of 
such pairs can be estimated from the work function differences of the two materials – 
the higher the difference in work function, the higher the underpotential shift.[18] In 
the case of gold, not only silver is known to undergo upd; also many other elements 
can do so. Among others, upd of copper and lead has been extensively studied on 
macroscopic, planar gold substrates. It could be shown, that underpotential 
deposition depends on various parameters such as the crystallographic structure of 
the substrate, the exact value of the reduction potential and the ions present in 
solution.[19] In the cases of Ag, Cu and Pb on gold, investigations indicate that the 
preferential adsorption on the different crystal faces of gold is 
Au{110}>Au{100}>Au{111}.[20] That means adsorbents are expected to deposit 
preferentially on {110} gold facets, which can be explained by the higher coordination 
number of ad-atoms when compared to the lower energy {100} and {111} facets 
(seeScheme 4.2). Of course, this model is based on the assumption of an atomically 
ideal surface. In reality, surface reconstruction and relaxation can lead to 
modifications of the structure of ad-layers. Additionally, atoms with smaller (Cu) or 
equal atomic size (Ag) with respect to the substrate (Au) will fit better into the lattice 
than large atoms (Pb), influencing energetic differences between the atomic 
configurations depicted in Scheme 4.2. Finally, atomic size also determines the 
structure of the ad-layers. Large atoms like lead usually form incommensurate layers, 
i.e. distorted or tilted structures, since they don’t fit into the host’s crystal lattice. 
Atomic force microscopy (AFM) and cyclic voltammery investigations have shown 
that the ad-layer structure also depends on the applied potentials / exact reductive 
conditions in solution.[21-23]  
 
Scheme 4.2 Positions of foreign ad-atoms (red spheres) on the {110} (left), {100} (middle), and {111} 
crystal facets (right) of a substrate with fcc structure (grey spheres). 
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Another factor influencing upd is the presence of ions in solution. Especially anions 
like chloride or bromide can strongly influence the metal deposition. They can 
cooperatively or competitively co-adsorb on the substrate and thus enhance or hinder 
upd, i.e. change the underpotential shift. Also, the present ions can change the 
structure of the adlayers. Strong adsorbate-adsorbate interactions have been shown 
for copper and silver in combination with halides,[20,24] while lead on platinum 
shows a competitive coadsorption with bromide.[24] However, many investigations 
on upd were only done with one kind of crystal substrate – Au(111) substrates for 
example have been studied much more thoroughly than other gold surfaces. 
Together with the high sensitivity of the deposition process on a large number of 
parameters (crystallinity of substrate, reconstruction processes, presence of ions, 
conditions during measurements), this makes generalizations about underpotential 
shifts and comparison of deposition trends for different adsorbents difficult. 
Therefore, although investigations indicate that Au{110}>Au{100}>Au{111} is the 
expected general trend for deposition of Ag, Cu as well as Pb, the complexity of a 
reaction solution might alter the conditions to such an extent, that differences in 
adsorption behaviour take place. In the case of the three systems Au/Ag, Au/Cu and 
Au/Pb, differences that can be exploited mainly concern atomic parameters and 
nobility of adsorbents. Whereas the atomic radius of silver is almost identical to gold 
(no misfit), copper atoms are smaller (negative misfit) and lead atoms much larger 
(positive misfit). Thus, Ag and Cu are expected to form commensurable layers, since 
they fit well into the gold lattice, while the large Pb atoms develop incommensurate 
layers which can induce surface stress.[25,26] Additionally, the differences in atomic 
size will influence the tendency for deposition on more densely packed facets, such 
as Au(100) and Au(111). While the large Pb atoms are least likely to adsorb on such 
crystal facets with higher atomic density, the small copper atoms are more liable to 
do so, especially considering the small variances of ΔU(Cu) for the different Au 
facets. Regarding the charge of adlayers: Although silver, copper and lead are all 
known to co-adsorb with halide ions, the amount of incorporated halides and thus the 
extent of discharge of the metal adsorbent can vary. Absolute quantities depend on 
reductive strength and concentration of additives; however, assuming equal 
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deposition conditions silver adlayers will most likely contain the highest amount of 
discharged metal adatoms, while lead will cause the most ionic deposit. 
It can be concluded that underpotential deposition is not restricted to Au/Ag, but other 
systems, such as the Au/Cu and Au/Pb pairs, show similar behaviour on the 
macroscopic scale. Therefore in this study, the effect of copper and lead deposition 
will be investigated on the nano-scale by examining particle development during 
seeded growth in the presence of these secondary metals. Comparisons with the 
literature known, Ag-assisted gold nanorod growth will be drawn and current 
mechanistic theories for shape selectivity will be assessed. 
 
4.2 Results and Discussion 
Comparing Ag-, Cu-, and Pb-assisted seeded growth 
In order to investigate the effect of secondary metal salts on final particle 
morphologies, seeded growth was performed without the addition of a secondary 
metal in order to set a point of reference for the following experiments. A standard 
synthesis in the absence of metal adsorbents gave particles of different shapes with 
dimensions between 35 and 45 nm. TEM revealed that approximately 75% of the 
particles were spherical (diameter d=33,1nm ± 7,9nm) while the rest was composed 
of facetted shapes like triangles (14%, d=44,8nm ± 6,9nm) and rods (11%, width 
w=25,2nm ± 5,3nm, anisotropy a=3,0 ± 0,8) (Figure 4.1). This indicates that the 
surfactant alone can stabilize particles with defined structures and small dimensions, 
which remain stable over time; however, selectivity of particle faceting is low. As 
depicted in Figure 4.1b, dominant exposed crystal facets of the obtained 
nanoparticles include {111} for triangles and {100} in the case of nanorods. Thus, the 
surfactant alone cannot discriminate between these crystal faces, making shape 
selectivity impossible. 
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Figure 4.1 (a) TEM micrographs of gold nanoparticles obtained in the absence of metal adsorbents 
and (b) schematic presentation of corresponding predominant crystal structures.  
 
As known from literature[12,13] the presence of silver nitrate in solution has 
tremendous influence on the growth of specific crystal faces, leading to the 
development of single crystalline rodlike particles in high yields. Figure 4.2 shows a 
TEM image of gold nanorods which were obtained in the presence of 80 µM AgNO3 
in a yield of 97% (w=22,1nm ± 2,5nm, a=2,7 ± 0,3). Their single crystallinity and their 
crystal orientations were corroborated by HRTEM [27]. The remaining 3% of particles 
consist of spheres. Although, the growth mechanism of these gold nanorods is not 
thoroughly understood, their development has been ascribed to preferential 
adsorption of silver on {110} facets of the growing gold nanoparticle via 
underpotential deposition.[16,17] 
To find out whether other metals control gold deposition on selected crystal facets 
and thus particle shape, copper and lead nitrate were applied to the seed-growth 
synthesis under otherwise equal reaction conditions. In the case of copper, the 
solutions remained stable and clear. UV-Vis spectroscopy after 1d showed one 
plasmon peak, indicating the formation of isotropic particles. Via TEM isotropic, 
facetted particles (approximately 80% next to 20% spheres, with d=20-30 nm), could 
be observed (Figure 4.3a). Differences in particle morphology, when compared to the 
conventional nanorod synthesis (containing silver nitrate) and to the seeded growth 
without silver, must be due to the presence of copper. 
a b
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Figure 4.2 a) TEM image and b) HRTEM image of gold nanorods prepared by seed-mediated, Ag-
assisted growth (80 µM AgNO3) and b) corresponding crystal structure. 
 
Although at first glance, particle morphologies appear similar for metal-free and Cu-
containing syntheses, significant differences can be observed when looking at 
shapes and their frequencies more closely. While in the absence of metal adsorbents 
mainly spherical particles (75%) next to nanotriangles (14%) and rods (11%) are 
obtained, the presence of Cu(NO3)2 leads to much lower amounts of nanospheres 
(22%, d=21,3nm ± 2,5nm). The remaining particles consist mainly of triangles (16%, 
d=28,5nm ± 4,6nm) and rhombic or cubic shapes (56%, d=19,5nm ± 3,4nm), which 
most likely represent the 2D projections of octahedral objects in different orientations. 
a b 
c 
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Only low amounts of rodlike particles are observed (6%). This means that in the 
absence of metal adsorbents, crystallinity of particles is not homogeneous, including 
triangular (dominated by {111} facets) and rodlike particles (surrounded by {100}, see 
Figure 4.1). In contrast to this, in the presence of Cu(NO3)2 mainly crystalline 
particles with terminating {111} facets develop (triangles and octahedral, 72%). This 
was corroborated by HRTEM images, which depicted typical particle crystal 
structures and their different crystal orientations. Particles were found to mainly 
exhibit {111} facets (Figure 4.3).  
   
{111} {111}
 
 
Figure 4.3 a) TEM micrograph of nanoparticles obtained by addition of Cu(NO3)2 to the growth 
solution (80 µM Cu(NO3)2) and b,c) presentation of their corresponding predominant crystal structures.  
a b 
c 
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Next to the copper salts, also lead nitrate was applied to the nanorod synthesis. At a 
concentration of 80 µM, addition of the lead salt to the CTAB-solution led to a turbid 
mixture, but no precipitate developed. It is possible, that the turbidity is caused by 
changes in aggregation behaviour of the surfactant. The positive charge on the Pb2+ 
ions might lead to “crosslinking” of CTAB micelles, which would lead to increased 
scattering of the solution. UV-Vis spectra showed some scattering background due to 
the clouding, but were again dominated by one plasmon band around 530 nm, 
indicating isotropic particle formation. TEM studies, however, revealed a significant 
amount of nanorods next to spherical particles (Figure 4.4). 
 
Figure 4.4 TEM image of gold nanoparticles obtained in the presence of 80 µM Pb(NO3)2. 
 
This discrepancy could be a result of altered optical characteristics of the gold 
nanorods due to lead deposition on their surface. It has been reported in the 
literature, that the absorption band of metal nanoparticles (Ag and Au) is significantly 
blue-shifted and damped when lead is deposited on the particle surface.[28] As a 
conlusion the second, longitudinal plasmon peak of gold nanorods, which usually 
should be found at wavelengths above 600 nm (depending on the nanorod aspect 
ratio), might be less prominent then expected, making quantitative interpretation of 
the obtained UV-Vis spectra difficult. Therefore, in order to get an idea about 
quantities of types of particles, particle shapes were assessed using TEM images. 
Evaluation of 100 particles indicated a fraction of approximately 33% of nanorods 
and 6% of triangles (d = 41,0 nm ± 12,3 nm) next to the spheres, which remained the 
main product (60%, d = 30,5 nm ± 5,9 nm). Octahedra were only found to make up 
for less than 1% of the particle shapes. Diameters and aspect ratios of nanorods 
were determined to be d = 25,2 nm ± 5,7 nm and a = 2,1 ± 0,6. Although the overall 
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yield of nanorods is low, similarities of the Pb-assisted method to the nanorod 
synthesis with silver are apparent and dramatic differences in comparison to metal-
free or Cu-mediated preparations are observed. 
 
In order to elucidate the selectivity for different crystallographic structures during 
seeded growth, Scheme 4.3 shows a comparison of nanoparticle faceting obtained in 
the presence of different secondary metals, indicating a critical influence of the 
nature of the adsorbent on particle morphology.  
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Scheme 4.3 Quantification of faceting of particles obtained without secondary metals, in the presence 
of 80 µM AgNO3, Cu(NO3)2, and Pb(NO3)2.  
 
In the absence of adsorbing metals, no preference for any specific crystal facets and 
therefore no specific passivation can be observed. Particles exhibiting {110}, {100} 
and {111} faces are present in comparable quantities and the main product is the 
thermodynamically favoured spherical shape. Contrary to this copper shows a clear 
tendency towards the formation of {111} enclosed particles. Depending on the 
crystallinity of the seeds, which is known to fluctuate at dimensions below 5 nm,[29] 
particles show triangular (from seeds with stacking faults) or octahedral shapes (from 
single-crystalline seeds, see Scheme 4.1) – both shapes which are dominated by 
{111} crystal faces. An explanation for this behaviour probably lies in the site-
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selective adsorption of Cu on Au. In principle, either copper predominantly adsorbs 
on {110} facets as suggested in the literature,[30] but facilitates rather than inhibits 
further growth of these crystal faces, so that they slowly disappear in favour of {111} 
facets; or the conditions of the growth solution modify the energies of gold facets, so 
that mainly adsorption of copper on {111} facets takes place. In this case, copper 
adsorption would inhibit growth of this facet, as is discussed also for silver in the 
conventional nanorod synthesis. Literature reports indeed indicate smaller 
differences in energy and therefore in underpotential shifts for copper deposition on 
Au(111), Au(110) and Au(100) than for silver and lead in the absence of 
additives.[16,21,30,31] Underpotential shifts ΔU under such conditions are given in 
Table 4.1. It can easily be recognized that while ΔU for Ag and Pb on the different 
gold faces varies between 0,07 V – 0,24 V and 0,11 V – 0,34 V, respectively, ΔU for 
Cu shows much less variances (0,21 V – 0,27 V). We therefore hypothesize that the 
various co-reagents and ions present in the reaction mixture are able to alter surface 
energies and correspondingly adsorption preferences in the case of copper, so that 
the atomic size of the adsorbents becomes decisive. Thus, the small radius of the 
copper atoms induces their preferential adsorption on high-density {111} facets. 
 
Table 4.1 Underpotential shifts (ΔU) for different adsorbates on single single-crystalline Au facets 
without the presence of additives. 
Crystal Facets ΔU(Ag) / V[16] ΔU(Cu) / V[30] ΔU(Pb) / V[21] 
Au(111) 0,07 0,215; 0,04 
0,11; 
0,07 
Au(100) 0,24 0,22 0,15 
Au(110) Not available 0,27 0,34 
 
While copper was chosen, because it is quite similar to silver considering the upd on 
gold and the nobility, Pb(NO3)2 was chosen as an example for the opposite. Lead is 
much less noble than silver or copper and might therefore deposit less on gold 
nanorods in elemental form. Additionally, its atomic radius is much larger than that for 
Ag or Cu, which might lead to different adsorption characteristics on gold and 
therefore to the formation of other particle shapes. In fact, as depicted in Scheme 
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4.3, Pb shows an obvious trend towards anisotropic growth and only minor {111} 
faceting (triangles or octahedra) was obtained. Although the overall yield of nanorods 
was low, similarities of the Pb-assisted method to the nanorod synthesis with silver 
are apparent. It is possible that atomic size of the adsorbent, plays a major role in 
determining final nanoparticle shape. The larger silver and lead atoms might 
preferentially adsorb to low-density crystal faces like {110}, inducing nanorod growth, 
while the smaller copper atoms favour high-density {111} facets. This is in contrast to 
the findings for macroscopic surfaces, where for all three adsorbents 
Au{110}>Au{100}>Au{111} is the favoured adsorption chronology[18,20,21,30-33], 
however, the various co-reagents and ions present in the reaction mixture as well as 
the nanoscale itself might significantly alter surface energies and therefore 
adsorption preferences. 
 
Previous studies of nanorod preparation via the seeded growth procedure have 
shown a strong dependency of nanorod aspect ratio on silver nitrate 
concentration.[12] An optimal concentration was determined, where aspect ratios and 
also yields are highest. Therefore, the next section will deal with the effect of differing 
concentrations of copper and lead salts on seeded growth of gold nanoparticles. 
 
Concentration dependence of Cu- and Pb-assisted seeded growth 
The Ag-assisted gold nanorod synthesis shows strong dependence on the Ag 
concentration. It can be shown, that nanorod yield as well as aspect ratio decrease 
above a certain amount of silver, indicating an optimum concentration of the 
secondary metal. In previous studies, this has been ascribed to the adsorption 
kinetics of silver on gold surfaces.[17] At low silver concentrations, discrimination 
between different gold facets is possible and Au{110} is predominantly coated. Rising 
silver content leads to more complete coverage of Au{110} crystal faces, increasing 
yield and aspect ratio of rodlike particles. Above the optimal concentration, silver 
starts to deposit on other facets as well causing a reduction of both anisotropy and 
rod yield.  
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To investigate the effect of concentration of copper and lead, contents were varied 
between 80 and 240 µM. In the case of copper, UV-Vis spectroscopy showed a 
singular peak at λ = 530-540 nm in all cases, but with increasing copper content, a 
slight blue shift of the peak maximum was observed. This could either be due to 
subtle changes in shape or by decreasing particle size.  
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Figure 4.5 UV-Vis spectroscopy of nanoparticle solutions obtained by addition of Cu(NO3)2 to the 
growth solution (light grey: 80 µM, dark grey: 120 µM, black: 240 µM). 
 
TEM analysis indeed showed both. A minor decrease in particle size with rising 
copper content (see Table 4.2), implying a reduced growth rate of particles, and a 
change in shape composition of the reaction solution (Figure 4.6). At higher copper 
concentrations the fraction of round shapes increases at the expense of facetted 
{111} dominated structures. Similarly to silver, both of these observations can be 
ascribed to increased amounts of adsorbed copper on all particle facets levelling out 
the different growth rates and leading to overall reduced gold deposition and a larger 
fraction of isotropic, spherical particles.  
 
Table 4.2 Particle dimensions obtained by Cu-assisted seeded growth depending on Cu concentration 
and particle shape. 
Shapes 
Particle dimensions / nm 
Without sec. 
metal 80 µM Cu 
120 µM 
Cu 
240 µM 
Cu 
Spheres 33,1 ± 7,9 21,3 ± 2,5 21,5 ± 5,0 15,0 ± 3,7 
Triangles 44,8 ± 6,9 28,5 ± 4,6 25,3 ± 3,5 19,8 ± 3,4 
Octahedra - 19,5 ± 3,4 20,7 ± 2,6 16,6 ± 1,1 
AuNR w: 25,2 ± 5,3a: 3,0 ± 0,8 - - - 
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Figure 4.6 Composition of crystal structures obtained at different copper concentrations. 
 
Analogous to copper, for Pb(NO3)2 concentrations between 80 and 240 µM were 
studied. At concentrations above 80 µM of Pb(NO3)2, UV-Vis spectroscopy shows an 
additional small absorption shoulder at higher wavelengths, which red-shifted for 
larger Pb fractions (Figure 4.7). Indeed, next to spherical particles, which dominated 
the samples, TEM measurements corroborated the formation of a significant amount 
of anisotropic structures in all solutions.  
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Figure 4.7 UV-Vis spectroscopy of nanoparticle solutions obtained by addition of Pb(NO3)2 to the 
growth solution (light grey: 80 µM, dark grey: 120 µM, black: 240 µM).  
 
Interestingly, UV-Vis spectroscopy did not suggest dramatic changes in percentage 
of rods upon elevation of the Pb concentration, which was corroborated by TEM 
measurements. According to TEM, the fraction of all shapes remained relatively 
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constant for all Pb contents (AuNR: 31-33%, spheres: 60-63%, {111} terminated 
structures: 5-7%). Dimensions of the nanorods, however, differed significantly. While 
at 80 µM Pb content, only low aspect ratio nanorods could be found (NRshort, a = 2,1), 
higher amounts of Pb give rise to an increasing fraction of high-aspect ratio nanorods 
(NRlong), which are not expected to be detectable via UV-Vis spectroscopy. In order 
to give an idea about the ratio of high to low aspect ratio nanoparticles, NRshort is 
defined as nanorods with an anisotropy <4 and NRlong as >4. Dimensions of AuNR 
are given in Table 4.3. 
 
Table 4.3 Dimensions (width w and aspect ratio a) of high and low aspect ratio gold nanorods (AuNR) 
obtained with Pb(NO3)2 according to TEM. 
Shapes 
Particle dimensions / nm 
80 µM Pb 120 µM Pb 240 µM Pb 400 µM Pb 
AuNRshort 
w: 25,2 ± 5,7
a: 2,1 ± 0,6 
w: 22,6 ± 3,6
a: 1,9 ± 0,4 
w: 25,3 ± 5,8
a: 1,8 ± 0,2 
w: 28,7 ± 7,3
a: 3,2 ± 0,7 
AuNRlong - 
w: 18,2 ± 2,7
a: 7,1 ± 1,4 
w: 16,4 ± 3,7
a: 5,2 ± 1,1 
w: 24,0 ± 3,9
a: 7,7 ± 1,6 
Ratio 
NRlong/NRshort 
0 0,64 1,4 6,0 
NRlong have an aspect ratio of >4 und NRshort of ≤4. 
 
In order to test whether the yield of high aspect ratio nanorods could be further 
increased, a higher lead concentration (400 µM) was tested additionally. UV-Vis 
spectroscopy of the as-prepared nanoparticle solution only depicts one absorption 
peak, however, TEM shows a considerable amount of highly anisotropic nanorods 
(Figure 4.8a), which are not expected to have their longitudinal plasmon band below 
a wavelength of 1100 nm. Figure 4.8 and Table 4.3 summerize the findings 
concerning rodlike particles, showing the direct effect of lead concentration on 
nanorod aspect ratio. It is noteworthy, that at such high lead concentrations, not only 
a higher amount of nanorods but also increased amounts of nano-triangles and other 
facetted structures were obtained than for lower lead concentrations, indicating a 
different adsorption behaviour of lead than the other metals investigated. The 
increase in aspect ratio at extremely high Pb concentrations is in contrast to the 
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observations made for Ag and Cu. In the latter cases, the high efficiency for shape 
control of the deposited metals and their relatively low optimum concentration (≤80 
µM) indicates highly effective deposition. Lead, on the other hand, exhibits lower 
shape selectivity and much higher optimum concentrations (≥400 µM). Both of these 
observations could be caused by low deposition rates of elemental lead due to its 
negative reduction potential. Although deposition of incompletely discharged Pb is 
also known in literature[34,35] and thus the amount of deposited lead might be 
considerably different than expected for pure upd and more than one active species 
(Pb or PbHal-compounds) with different efficiencies of passivation might participate, 
the current results (low efficiency of Pb, high optimum concentration) point to the 
elemental metal as the active species rather than PbHal-compounds. 
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Figure 4.8 a) TEM image of nanoparticles obtained with a growth solution containing 400 µM 
Pb(NO3)2 and b) relative amounts of high and low aspect ratio gold nanorods. 
 
In summary, the role of lead in seeded growth proved to be more similar to silver 
than copper. It was able to induce a significant amount of anisotropic growth. Copper, 
on the other hand, selectively produced nanoparticles with {111} facets. Current 
results point to the elemental metals as the active species rather than MeHal-
compounds. In terms of the role of upd in nanoparticle growth, it is probable that for 
all depositing compounds (Ag, Cu, Pb) mass transport of Au is controlled by the 
adsorption of secondary metals. Two probable mechanisms that could account for 
the observed differences are: 1. Underpotential deposition could be passivating in all 
cases, meaning that conditions in the growth solution are such that in the case of Cu 
the adsorption sequence on the different gold facets is changed. In this context, the 
extent of the ionic character of the adlayer might also play a role, since the activity of 
these different species might not direct Au deposition equally. 2. The adsorption 
a b
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sequence is the same for all three adsorbants, but depending on the element, upd 
can lead to activation or passivation of further gold deposition. We hypothesize, that 
the first option is the more likely one. Since upd is known to be highly sensitive to the 
presence of ions and other adsorbents, and previous investigations of upd on gold 
were almost exclusively done on the macroscopic scale, it is reasonable to assume 
that the complex composition of the nanoparticle solution would lead to changes in 
the energies of crystal facets and thus in adsorption tendencies. This becomes 
extremely important for copper, which even under less complex conditions shows 
only small discrimination between gold crystal faces and thus adsorption chronology 
is altered, giving rise to different gold nanoparticle morphologies.  
 
Influence of anions in Cu-assisted seeded growth 
Since anions are known to influence the deposition of secondary metals on gold 
surfaces[20,24], a second copper salt were tested in order to investigate the 
influence of anions on their ability to induce anisotropic growth: CuSO4 x 5 H2O. As in 
the previous section, CuSO4 was applied in concentrations of 80-240 µM. 10 min 
after the reaction start, the solutions turned pink and UV-Vis spectroscopy 
corroborated the presence of only one plasmon peak. After a few days, the solutions 
became turbid and a fine precipitate was formed in the mixture with the highest 
copper content accompanied by a flattening and broadening of the plasmon peak in 
UV-Vis spectroscopy. Transmission electron microscopy (TEM) displayed mainly 
spherical particles with diameters of around 100 nm in all samples. Small amounts of 
rather large nanorods (width ≈ 50 nm) with varying aspect ratios between 3 and 10 
were also detected; however, statistical analysis of the rod aspect ratios was not 
possible due to their low number. A surprising observation was the irregular shape of 
nanoparticles after 3d for lower CuSO4 concentrations (80 and 120 µM) which 
disappeared after 7d (Figure 4.9). 
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Figure 4.9 TEM micrographs of the irregular shape of gold nanoparticles and nanorods in the 
presence of CuSO4 (left: 80 µM, right: 120 µM). 
 
These ongoing structural changes of the particles, together with their large 
dimensions which eventually lead to precipitation, point to poor particle stabilization 
in solution. Since studies with copper nitrate revealed well defined particle sizes and 
shapes, the observations made with copper sulphate cannot be due to deposition of 
copper. This demonstrates the strong influence of counter ions not only on 
underpotential deposition, since the results point to copper deposition in case of both 
salts, but also on particle stabilization. Clearly the stabilization issues with CuSO4 are 
not due to the presence of copper and must therefore be a result of the sulphate 
ions, which have been reported to co-adsorb with this metal on gold.[25] However, 
whether the nanoparticles instability is due to inclusion of sulphate into the ad-layer 
or due to sulphate interactions in the solution phase is not clear. 
 
4.3 Conclusions 
In this work the effect of the presence of secondary metals on the morphology and 
crystallinity of gold nanostructures obtained through seeded growth was studied. 
While in the absence of secondary metal salts, a mixture of different kinds of 
morphologies and crystal structures was observed, the use of silver nitrate is known 
to induce nanorod growth with {110} and {100} dominated side-facets. In this work, it 
was possible to selectively prepare {111} capped nanoparticles including triangles 
and octahedra. We hypothesized that the twinned triangles result from twinned seed 
crystals, while the single-crystalline octahedra were derived from single-crystalline 
seeds. With the help Pb(NO3)2 a significant amount of anisotropic growth could be 
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induced leading to the development of single-crystalline nanorods. Aspect ratios 
could be controlled by the amount of Pb in solution. Concering the growth 
mechanism, the role of secondary metal deposition was discussed. All metals used 
here deposit on the gold nanoparticles, but their effect on crystal morphology is 
different in all cases. Most likely, the complex composition of the reaction solution 
modifies reaction conditions in such a way, that the different sizes of the metal atoms 
become important when discriminating between the available crystal facets, so that 
different affinities develop. While Pb and Ag preferentially adsorb on {110} facets and 
passivate them against further growth, the adsorption sequence of Cu is changed 
due to the small differences of adsorption energy for the gold crystal facets. Thus, Cu 
adsorbs to {111} faces and induces the formation of particles dominated by these 
crystal facets. 
 
4.4 Materials and Methods 
Materials. Tetrachloroauric(III) acid trihydrate (ca. 52% as Au), was purchased from 
Fluka. Sodium borohydride, L-(+)-ascorbic acid, Cu(NO3)2 x 2,5 H2O, Pb(NO3)2, and 
AgNO3 were purchased from Aldrich. Cu2(SO4)3 x 5H2O was purchased from Merck. 
Cetyl trimethylammonium bromide (CTAB) was obtained from Fluka. All chemicals 
were used as received. Bidistilled water was used in all syntheses (Elga Purelab 
Ultra Plus UV). 
Conventional nanorod synthesis. Nanorods were prepared via a seed mediated 
growth procedure on the basis of the reports published by El-Sayed et al.[12] In a 
typical nanorod synthesis, a growth solution was prepared by mixing aqueous silver, 
copper or lead salt stock solution (100 µL, 0,8 µmol), CTAB stock solution (4 mL, 0,8 
mmol), bidistilled water (4,6 mL), and a stock solution of hydrogen 
tetrachloroauric(III) acid trihydrate (1,4 mL, 4,2 µmol) in the given order and stirring at 
room temperature. The yellow solution turned colorless upon addition of aqueous 
ascorbic acid solution (90 µL, 4,5 µmol). 
A seed solution was prepared by mixing CTAB stock solution (5 mL, 1 mmol), 
bidistilled water (4,2 mL), and a stock solution of hydrogen tetrachloroauric(III) acid 
trihydrate (0,8 mL, 2,4 µmol) in the given order. Under vigorous stirring freshly 
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prepared, ice-cold, aqueous sodium borohydride solution (0,6 µL, 6 µmol) was added 
and the solution turned from orange to yellow-brown. Seed solution (12 µL) was 
added to the growth solution to start nanorod growth. The seed solution was used up 
to 15 min after preparation. Variations of this procedure are given in the text. 
Instrumentation. Absorption spectra were acquired using a Shimadzu UV-Vis-
spectrophotometer UV160A and a V-630 UV-Vis-spectrophotometer from Jasco. 
TEM images were acquired using a Zeiss Libra 120 in-column EFTEM with an 
accelerating voltage of 120 kV and a corrected omega filter enabling electron energy 
loss spectroscopy (EELS) and for high-resolution transmission electron microscopy 
(HRTEM) a Philips Tecnai microscope operating at 200 kV was used. TEM grids 
were prepared by putting a drop of the concentrated nanorod sample (30 µL) on a 
Formvar-coated and carbon-sputtered copper TEM grid, placing the grid on a filter 
paper, and evaporating the solution at room temperature. For each sample, a 
minimum of 100 particles were measured to obtain the average dimensions and the 
size distribution. Size measurements were performed with the aid of the ImageJ 
software. 
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5. Influence of Surfactant Structure 
 
5.1 Introduction 
Nanoparticles exhibit many properties different and often superior to their 
corresponding bulk materials. The unique properties of anisotropic metallic 
nanoparticles in particular, which are dependent on size and shape, make for an 
extremely interesting field of research. They lead to a wide range of possible 
applications such as (biological) sensors, optical devices e.g. waveguides or 
catalysts.[1] Especially the well-tuneable optical properties of metallic nanoparticles 
of different shapes have received a lot of interest [1b,1f,2]. Gold or silver nanorods 
show optical absorption spectra consisting of two plasmonic bands – a longitudinal 
and a transverse absorption. The latter is located around λ = 520 nm and therefore 
overlaps with the plasmon resonance peak of spherical side products. Moreover, the 
position of this peak is barely susceptible to changes of aspect ratio. The position of 
the longitudinal peak, however, can easily be manipulated from the Visible to the 
Near-IR by adjusting the aspect ratio of the nanorods. Therefore, it is possible to 
tailor their optical properties by precise control of the rod morphology, which opens 
up a wide range of future applications.  
Currently, the most promising applications of gold nanorods lie in the biomedical 
field. However, as in every in vivo application, it is necessary to minimize the use of 
potentially harmful reagents. This includes surfactants or other compounds, which 
are often necessary for nanoparticle stabilization. Therefore an effective synthesis of 
nanorods, requiring as little surfactant as possible, is highly desirable. 
Synthesizing gold nanorods by solution chemistry usually requires the use of 
surfactants as soft templates. Typical synthetic approaches include electrochemical 
[3], photochemical [4], and seed mediated [5]. Of these, the seed mediated synthesis 
is particularly interesting. Problems, such as low yields and high amounts of spherical 
side products, can be minimized by adjusting reaction conditions. By this method, 
nanorods are synthesized via addition of a small portion of an aqueous seed to a 
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growth solution. The seed contains stabilized spherical gold nanoparticles with a 
diameter of about 4 nm. Usually, the stabilizer is cetyl trimethylammonium bromide 
(CTAB). The growth solution contains Au(I), obtained by reduction of HAuCl4 with 
ascorbic acid in the presence of CTAB and silver nitrate. 
Little is known about the growth mechanism of the gold-nanorods prepared by the 
seed mediated synthetic approach, and about the role of the auxiliary reagents like 
CTAB and silver nitrate. Suggestions for the mechanism of the anisotropic growth 
include electric field directed growth [5d], underpotential deposition of Ag(I) [6], soft 
templating by CTAB-micelles [4a,5a] and the selective passivation of crystal faces by 
AgBr [5a] or CTAB [5c,5e,7]. However, there is no definite proof for any of the 
proposed mechanisms. Recently, it was shown that the use of cetyl 
triethylammonium bromide (CTEAB) as stabilizer and shape-inducing reagent leads 
to the formation of higher aspect ratio nanorods. Moreover, the growth rate of 
nanorods was lower when compared to syntheses with CTAB. This was ascribed to 
changed binding strength between the surfactant and the gold surface, and changed 
binding and unbinding behaviour of anionic Au(III) and Au(I) complexes to the 
CTEAB micelles [8]. Based on this observation, a possibility to minimize the amount 
of stabilizer during nanorod synthesis in order to facilitate future biomedical 
applications could be the use of binary surfactants, so called gemini surfactants, 
instead of the commonly applied CTAB.  
Gemini surfactants consist of two amphiphilic moieties (a hydrophilic head group with 
a hydrophobic tail) connected covalently by a spacer. They were first reported around 
1990 and since then have received a lot of attention due to their enhanced 
aggregation properties compared to common surfactants, including low critical 
micelle concentrations (cmc), low Krafft temperatures, and higher efficiency in 
decreasing surface tension. In particular the low cmc and the increased tendency to 
self-assemble and form surfactant layers as well as improved binding strengths to the 
ionic gold precursor salts due to the cooperative effect of the binary amphiphile make 
this kind of surfactant of great interest for nanoparticle and nanorod synthesis. It 
could thus be possible to prepare particles with much lower amounts of stabilizer, 
facilitating work up procedures and future applications. 
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Few publications have dealt with the synthesis of metallic nanoparticles in the 
presence of gemini surfactants. For instance, colloidal silver was prepared with an 
acetylenic, non-ionic gemini surfactant [9]. Also silver nanowires [10] and 
nanoparticles [11] as well as gold nanoparticles [12] were prepared with dicationic 
quaternary ammonium gemini surfactants as stabilizer and shape-inducing 
component. To the best of our knowledge, no gold nanorods have been prepared 
using gemini surfactants. 
 
Here, the preparation of gold nanorods using the seed-growth approach in the 
presence of dicationic quaternary ammonium gemini surfactants as a shape-inducing 
and stabilizing reagent is presented. The surfactants used are N,N’-didodecyl-
N,N,N’,N’-tetramethyl-butane-1,4-diamin dibromide, N,N’-didecyl-N,N,N’,N’-
tetramethyl-ethylene-1,2-diamin dibromide and N,N’-didodecyl-N,N,N’,N’-tetramethyl-
ethylene-1,2-diamin dibromide, in short 12-4-12, 10-2-10 and 12-2-12 according to 
the m-s-m designation of gemini surfactants, where m and s are the number of 
carbon atoms in the alkyl chains and in the linker between the ammonium groups, 
respectively.  
 
5.2 Results and Discussion 
Nanorod synthesis. Nanoparticles were prepared by the seed-growth approach in 
the presence of CTAB and three gemini surfactants 12-4-12, 12-2-12, 10-2-10 as 
stabilizer and shape-inducing reagent (see Scheme 5.1). These surfactants were 
selected instead of 16-s-16, which are more similar to CTAB, because these alkyl 
chain lengths lead to reduced solubility of the corresponding gemini surfactant in 
water, which would cause problems for the nanorod synthesis. For each surfactant 
two concentrations were chosen, so that next to the effect of tail length and spacer 
length also the effect of surfactant concentration could be evaluated. UV-Vis 
measurements were done to assess the growth process of the nanoparticles over 
time (13 weeks) and TEM measurements of concentrated nanorod samples after 13 
weeks were used for morphological studies. 
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Growth Solution Seed Solution
Centrifugation
 
Scheme 5.1 Schematic illustration of the reaction process and the resulting shape of the gold 
nanorods as observed by TEM. 
 
UV-Vis spectroscopy and TEM measurements showed that the nanorod growth 
proceeds differently depending on the exact nature of the surfactant. The synthesis 
with the routinely employed CTAB requires high amounts of surfactant to achieve 
good yields of nanorods. [5b] For this study, the nanorod synthesis was done with 
two concentrations of CTAB (0,08 M and 0,02 M) to confirm and quantify this 
observation and to evaluate the effect on the aspect ratio. These results will later be 
compared to the gemini-mediated nanorod growth. For the higher CTAB 
concentration, colouration of the reaction mixture became visible about 15 min after 
starting the nanorod growth. As observed by UV-Vis spectroscopy, within the first 
hour the rods reached their highest aspect ratio, which stayed roughly the same for 
24 h (λmax = 876 nm). Afterwards, the anisotropy decreased continually over time.  
In the presence of less CTAB (0,02 M) the growth started quickly – a colour change 
was observed after 5 min. After this, however, the anisotropy of the nanorods 
increased for a much longer time than for the 0,08 M solution; a red-shift of the 
longitudinal plasmon peak occurred for approximately 2 weeks (λmax = 845 nm). 
Subsequently, the aspect ratio decreased again. This means that next to the different 
growth rate of nanorods prepared in the presence of less surfactant, also a smaller 
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maximum anisotropy was observed than in the case of higher CTAB concentration. 
Furthermore, the overall yield of nanorods was lower and shifts in the intensities of 
the longitudinal and transverse absorption bands in UV-Vis spectroscopy indicated 
that the amount of spheres increases over time and eventually exceeded the amount 
of nanorods. This is most likely due to inferior stabilization of the rod-shape at lower 
CTAB concentration, since stabilization of the anisotropic shape requires a higher 
packing density of surfactant than stabilization of spherical particles. Figure 5.1 
shows the optical spectra of the nanorod solutions with different CTAB contents at 
the time of their respective highest aspect ratios.  
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Figure 5.1 Optical Spectra of nanorods grown in the presence of a) 0,08 M CTAB (continuous line) 
after 1d and b) 0,02 M CTAB (dashed line) after 2 weeks. 
 
To compare the efficiency in directing nanorod growth, CTAB was exchanged for 
three gemini surfactants with different spacer and alkyl chain lengths. The surfactants 
12-4-12, 12-2-12 and 10-2-10 were each used in two different concentrations (0,02 M 
and 0,005 M).  
The nanoparticle growth, stabilized by 12-2-12, proceeded faster for both 
concentrations compared to the CTAB-directed growth. The solution with higher 
surfactant content (0,02 M) showed colouration after less than 1 min of reaction time. 
Figure 5.2a gives the spectra for 12-2-12, showing that no significant amount of 
nanorods has developed (λmax = 525 - 530 nm). The optical properties of the solution 
were observed for 13 weeks, yielding no significant change. TEM measurements of a 
concentrated nanorod sample after 13 weeks corroborated the presence of mostly 
spherical particles (〈d〉  = 20,5 ± 3,6 nm). Also a few slightly elongated shapes (〈L〉/〈d〉 
= 1,4 ± 0,1 with an average width of 〈d〉 = 17,3 ± 1,9 nm) were found (Figure 5.2b). 
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Figure 5.2 a) Optical spectrum of gold nanoparticles prepared with 0,02 M (black line) and 0,005 M 
(red line) of the surfactant 12-2-12 after 24h reaction time (continuous line) and after 3 weeks (dashed 
line); and TEM images after 13 weeks b) for the reaction with higher and c) with lower surfactant 
content. 
 
For the less concentrated reaction (0,005 M) the solution turned turbid when mixing 
AgNO3 and the surfactant, which is visible in UV-Vis spectroscopy as an increased 
scattering background. This observation is probably due to the development of silver 
halide colloids. In the conventional CTAB-mediated synthesis, these colloids do not 
develop, since CTAB can stabilize the silver ions / complexes. Therefore, it appears 
that the gemini surfactant used here is not able to stabilize Ag+ to the same extent as 
CTAB – only the higher gemini concentration can prevent development of silver 
colloids.  
Upon addition of seed colouration was observed within 5 min. Figure 5.2a gives the 
optical spectra, showing that again no significant amount of nanorods has developed 
(λmax = 525 - 530 nm). As for the more concentrated reaction, no considerable 
change was observed after 13 weeks. TEM measurements of a concentrated 
nanoparticle sample after 13 weeks corroborated the presence of mostly spherical 
particles (〈d〉  = 18,1 ± 3,3 nm, Figure 5.2c). A large portion of the particles, however, 
 
b 
a 
c
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appeared to coalesce and partly showed irregular wormlike shapes. This indicates 
poor shape stabilization properties of the surfactant at low concentrations; therefore 
the same concentration of 12-2-12 as used for the comparative CTAB-synthesis 
(0,08 M) was applied to determine whether rods would form under these conditions. 
UV-Vis measurements, however, showed no discernible longitudinal plasmon peak 
indicative for nanorods and TEM depicted nanoparticles with narrow size distribution 
but various shapes ranging from spheres to triangles or squares (Figure 5.3). 
 
Figure 5.3 TEM images of nanoparticle solution with 0,08 M 12-2-12 after 13 weeks of reaction time. 
 
As second surfactant, 10-2-10 was tested in the same concentrations as 12-2-12 
(0,02 M and 0,005 M) for its ability to direct anisotropic growth. The solution with 
higher surfactant content (0,02 M) showed colouration after less than 1 min of 
reaction time. The optical properties of the reaction solution were studied via UV-Vis 
spectroscopy for 13 weeks. Figure 5.4a shows the spectra after 1 day and 3 weeks, 
indicating the presence of short nanorods. (The distinction between the transverse 
and the longitudinal plasmon bands becomes apparent only after 3 weeks because 
of sharpening of the peaks: λmax,trans = 527 nm, λmax,long = 561 nm after 3 weeks). After 
this time, no significant change occurred. TEM experiments after 13 weeks (Figure 
5.4b) confirm the presence of short aspect ratio nanorods (〈L〉/〈d〉 = 1,5 ± 0,2 with an 
average width of 〈d〉 = 16,5 ± 1,1 nm) next to spherical particles (〈d〉 = 19,1 ± 2,2 nm).  
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Figure 5.4 a) Optical spectrum of gold nanoparticles prepared with 0,02 M (black line) and 0,005 M 
(red line) of the surfactant 10-2-10 after 24h reaction time (continuous line) and after 3 weeks (dashed 
line). TEM images after 13 weeks b) for the reaction with higher and c) with lower surfactant content. 
 
For the less concentrated reaction (0,005 M) again turbity was observed when 
AgNO3 was added to the surfactant solution. As for 12-2-12, this can be explained by 
formation of AgHal colloids due to differing stabilization properties and affinities of the 
gemini surfactant to silver species. Addition of seed led to colouration of the solution 
after 5 min. This means that again, nanoparticle growth proceeded quicker than in 
the presence of CTAB. The optical properties of the reaction solution were studied for 
13 weeks via UV-Vis spectroscopy. Figure 5.4a depicts the spectra after 1 day and 
after 3 weeks, indicating the presence of short nanorods with a similar aspect ratio to 
the higher concentrated reaction (λmax,trans = 525 nm, λmax,long = 587 nm after 
3 weeks). After this time, no significant change occurred. TEM experiments after 
13 weeks of reaction time (Figure 5.4c) confirm the presence of short aspect ratio 
nanorods (〈L〉/〈d〉 = 1,7 ± 0,2 with an average width of 〈d〉 = 14,4 ± 1,8 nm) next to 
spherical particles (〈d〉 = 17,0 ± 2,5 nm). Lower surfactant content in this case led to 
slightly higher anisotropy of rods, however, the difference in aspect ratio as well as 
nanorod yield was relatively small. Also, for both concentrations of 10-2-10 no 
a
b c
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coalescence took place, suggesting not only better shape inducing but also 
stabilization properties of this surfactant when compared surfactant 12-2-12. 
 
The third gemini surfactant tested was 12-4-12, which was applied in the same 
concentrations as the other surfactants previously (0,02 M and 0,005 M). In contrast 
to those syntheses, however, the growth of nanoparticles with 12-4-12 proceeded 
much slower than observed with CTAB. While the latter usually undergoes visible 
colouration approximately 5 to 15 min after the start of the reaction (depending on the 
reaction conditions), the 12-4-12 directed growth reactions started changing colour 
after over 1 h.  
In the case of the less concentrated solution (0,005 M) Figure 5.5a shows that after 
24 h only one plasmon peak is discernible (λmax = 526 nm), which has a shoulder 
towards higher wavelengths (around 570 nm). After 3 weeks, this shoulder has 
become more discernible, because of sharpening of the 526 nm peak and a second 
shoulder has appeared at around 730 nm. The solution was observed via UV-Vis 
spectroscopy for 13 weeks; after this time a slight blueshift of the 570 nm shoulder 
and a redshift to around 800 nm of the second absorption shoulder had occurred (not 
shown here). This signifies the development of two fractions of nanorods, one with 
low and one with higher aspect ratio. TEM measurements confirmed the presence of 
nanorods with low anisotropy (Figure 5.5b, 〈L〉/〈d〉 = 1,8 ± 0,4 with an average width 
of 〈d〉 = 15,2 ± 2,6 nm). High-anisotropy nanorods or other shapes, which could be 
responsible for the absorption shoulder around 800 nm, could not be found, which is 
probably due to their low concentration.  
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Figure 5.5 a) Optical spectrum of gold nanorods prepared with 12-4-12 in a concentration of 0,02 M 
(black line) and 0,005 M (red line) after 24h reaction time (continuous line) and after 3 weeks (dashed 
line); b) TEM images after 13 weeks for the reaction with lower surfactant (0,005 M) content.  
b a 
 Chapter 5  
 95
 
In the more concentrated surfactant solution (0,02 M), UV-Vis spectra revealed an 
increase in aspect ratio of nanorods for weeks after the reaction was started (Figure 
5.5a). After 24 h, optical spectroscopy showed a longitudinal absorption peak at λmax 
= 704 nm, which is about 150 nm lower than the comparative reaction with CTAB, 
indicating a smaller aspect ratio of the rods. After 3 weeks, however, the longitudinal 
band of the gemini surfactant stabilized rods showed a significant red-shift. This 
means that a further increase of aspect ratio has taken place (λmax = 1018 nm, Figure 
5.5a), giving rise to nanorods with a much higher aspect ratio than conventionally 
prepared rods. After a reaction time of 13 weeks, UV-Vis spectroscopy shows a 
longitudinal peak beyond λmax = 1100 nm, signifying a further increase in anisotropy. 
TEM images were taken throughout the course of the reaction (Figure 5.6), showing 
particles with an average aspect ratio of 〈L〉/〈d〉 = 1,9 ± 0,4 with an average width of 
〈d〉 = 11,5 nm ± 2,8 nm after 24 h, 〈L〉/〈d〉 = 4,4 ± 1,5 with an average width of 〈d〉 = 
10,0 nm ± 2,2 nm after 3 weeks and 〈L〉/〈d〉 = 7,2 ± 2,7 with an average width of 〈d〉 = 
11,7 nm ± 2,9 nm after 13 weeks.  
   
Figure 5.6 TEM pictures of gold nanorods prepared with gemini surfactant 12-4-12 (0,02 M) after (a) 
24 h (〈L〉/〈d〉 = 1,9 ± 0,4), (b) 3 weeks (〈L〉/〈d〉 = 4,4 ± 1,5) and (c) after 13 weeks of reaction time 
(〈L〉/〈d〉 = 7,2 ± 2,7). 
 
In order to understand the observations made here, the impact of structural changes 
of the surfactants used in this work will be described and clarified in the following. 
CTAB is a surfactant, well characterized in the literature. The first critical micelle 
concentration (cmc) is known to be 0,9 mM[13] and the second was found at 
0,2 M[14]. Thus, the solutions used in the nanoparticle syntheses here contain mainly 
a c b 
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spherical micelles. Gemini-surfactants are a rather new class of surfactants and 
therefore not extensively characterized. Critical micelle concentrations have been 
reported as 1,17 mM, 0,84 mM and 5 mM [15] for 12-4-12, 12-2-12 and 10-2-10, 
respectively. Solutions of 12-s-12 and 16-s-16 gemini surfactants with short spacers 
(s = 2) are reported to contain mostly threadlike micelles, while longer spacers lead 
to spheres.[16] However, phase diagrams of different gemini surfactants and 
concentrations with or without the presence of salt have rarely been made.  
Conclusions about aggregation behaviour of surfactants can be drawn by evaluating 
their “packing parameter” p.[13] In this parameter, the effect of the hydrophobic 
volume (V) and length of hydrophobic chains (L) as well as the area per hydrophilic 
head group (a) of a certain surfactant are taken into account to calculate its most 
probable aggregation structure. 
La
Vp ⋅=        (1) 
 Table 5.1 gives an overview of these structures depending on the parameters p, V, L 
and a. In comparison to monomeric amphiphiles, the gemini surfactants have a 
higher hydrophobic volume (due to their additional alkyl chain in their hydrophobic tail 
and a higher area per surfactant headgroup, which depends on the length of the 
spacer.[17] To have a better idea of the micellar structures of the gemini surfactants 
used here, the packing parameter for 12-2-12, 12-4-12 and 10-2-10 was calculated. 
The values for a were taken from literature[17], while V and L were calculated by 
Tanford’s formulas.[18] It can be assumed that the spacers do not contribute to the 
hydrophobic volume and that all carbon atoms participate in the formation of the 
hydrophobic core.[19] Table 5.2 shows the values derived for a, V, L and p taking 
these assumptions into account. The packing parameters for the 12-2-12 and the 
10-2-10 surfactants are very similar and imply a preference of flexible bilayers or 
vesicles for dilute aqueous solutions. The lower value of p for 12-4-12 on the other 
hand indicates a preferred formation of cylindrical or threadlike micelles. Of course, 
these structures can not be seen as absolutes. The exact concentration of surfactant 
and the presence of salt will change the ultimate morphological features of the 
aggregates. The presence of salts, for instance, leads to screening of electrostatic 
inter-head-group repulsion and thus decreases the area per head group. This results 
in an increased tendency to form vesicles / bilayers. However the packing parameter 
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indicates that the change from single to double-chain surfactants causes a shift in 
preference from curved to less curved aggregates. In more detail, 12-4-12 has a 
tendency to form more curved aggregates, while 12-2-12 and 10-2-10 prefer the 
formation of less curved structures.  
 
Table 5.1 Mean packing shapes of amphiphiles and their aggregation shapes[13] 
Example for 
type of 
amphiphile 
Packing 
parameter, 
p 
Packing shape 
of amphiphile 
Aggregation 
shape 
Example for 
amphiphile 
Single chain 
amphiphile, high 
a 
<1/3 Spherical Micelles
    
L
a
V
 
SDS / low salt 
content 
Single chain 
amphiphile,  low 
a 
1/3<p<1/2 Cylindrical, 
threadlike 
micelles 
 
CTAB / high salt 
content 
Double-chained 
amphiphile, high 
a, fluid chains 
1/2<p<1 Flexible bilayers, 
vesicles 
 
Dialkyl dimethyl 
ammonium salts
Double-chained 
amphiphile, low 
a, frozen chains 
>1 Bilayers 
 
Anionic 
amphiphiles / 
high salt content
 
Table 5.2 The Packing parameters and the variables influencing it for the surfactant molecules 12-2-
12, 12-4-12, 10-2-10. The values of L and v were calculated by Tanford’s formula and a was taken 
from literature[17]. 
Surfactant a / nm2 V / nm3 L / nm p 
12-2-12 0,69 0,70 1,67 0,61 
12-4-12 1,16 0,70 1,67 0,36 
10-2-10 0,69 0,59 1,42 0,60 
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The observation that 12-4-12 works best for nanorod synthesis might be due to a 
delicate balance between its improved ability to form densely packed surfactant 
layers on less curved surfaces when compared to CTAB, and less rigid structures 
when compared to 12-2-12 and 10-2-10. A slightly higher rigidity than CTAB might 
improve the stabilization properties for nanorods. However more rigid structures like 
12-2-12 or 10-2-10, which prefer lower curvature structure like bilayers or vesicles, 
might be too inflexible to stabilize the curved surface of small particles well. 
Nevertheless, it is likely that self-assembly properties of the surfactants is not the 
only parameter influencing nanoparticle growth. As described before, complexation 
behaviour towards silver was significally different for the surfactants used here. While 
low concentrations of CTAB and 12-4-12 could stabilize silver enough to prevent 
significant development of AgHal colloids and corresponding turbidity of the solution, 
12-2-12 and 10-2-10 could not do so. Also, the growth rate in case of 12-4-12 was 
dramatically reduced when compared to 12-2-12, 10-2-10 and even CTAB, which 
aids the development of non-equilibrium shapes like nanorods. All this could be a 
result of changed affinities and thus binding and unbinding behaviour of anionic gold 
or silver complexes to the surfactant micelles. Thereby mass transport of silver and 
gold to the growing nanoparticle is controlled by the surfactant structure, which 
impacts the aspect ratio of the formed gold nanorods. 
 
5.3 Conclusions 
Our results show that the efficiency of gemini surfactants in the production of high 
aspect ratio gold nanorods depends strongly on the surfactant structure. The 12-4-12 
surfactant proved to be promising, since using a 12-4-12 surfactant content of one 
quarter of that of CTAB resulted in the production of nanorods with an aspect ratio 
double that of CTAB-rods after long reaction times. This behaviour was ascribed to 
the higher tendency of 12-4-12 to form densely packed stabilizing double layers on 
nanoparticles without being too inflexible to stabilize their curved surface. Even more 
importantly, it seems that 12-4-12 was best suited to bind silver and / or gold 
complexes to its micelles, so that the mass transport to the gold surface was 
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reduced. This leads to lowered growth rates which enable the formation of highly 
anisotropic gold nanorods.  
 
5.4 Materials and Methods 
Materials. Tetrachloroauric(III) acid trihydrate (ca. 52% as Au), cetyl trimethyl-
ammonium bromide and N,N,N’,N’-tetramethyl-1,4-butane diamin were purchased 
from Fluka. Sodium borohydride, L-(+)-ascorbic acid, silver nitrate and 1-dodecyl 
bromide were purchased from Aldrich. All chemicals and solvents were used as 
received. Bidistilled water was used in all nanorod syntheses (Elga Purelab Ultra 
Plus UV).  
Synthesis of gemini surfactants. The gemini surfactants 12-4-12 was synthesized 
according to literature [15a,20] and recrystallized several times in ethanol – ethyl 
acetate mixtures. The other gemini surfactants were available in the working 
group.[21] 
Nanorod synthesis. Nanorods were prepared via a seed mediated growth from a 
seed and a growth solution, on the basis of El-Sayed’s works [19]. In a typical 
nanorod synthesis, a growth solution was prepared by mixing aqueous silver nitrate 
stock solution (125 µL, 1 µmol), different amounts of surfactant (between 0,05 and 
0,8 mmol) in bidistilled water (8,625 mL), and a stock solution of hydrogen 
tetrachloroauric(III) acid trihydrate (1,4 mL, 4,2 µmol) in the given order and stirring at 
room temperature. The yellow solution turned colourless upon addition of aqueous 
ascorbic acid solution (90 µL, 4,5 µmol). 
A seed solution was prepared by mixing CTAB stock solution (5 mL, 1 mmol), 
bidistilled water (4,2 mL), and a stock solution of hydrogen tetrachloroaurate(III) 
trihydrate (0,8 mL, 2,4 µmol) in the given order. Under vigorous stirring freshly 
prepared, ice-cold, aqueous sodium borohydride solution (0,6 µL, 6 µmol) was added 
and the solution turned from orange to yellow-brown. Seed solution (12 µL) was 
added to the growth solution to start nanorod growth. The seed solution was ready 
for use five minutes after preparation and was used for up to two days. 
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Instrumentation. Absorption spectra were acquired using a Shimadzu UV-Vis-
spectrophotometer UV160A. TEM images were acquired using a Zeiss Libra®120 
transmission electron microscope with an accelerating voltage of 80 or 120 kV. 
Nanorod samples were concentrated by centrifugation (11 000 rpm for 20 min) 
before preparing TEM samples. TEM grids were prepared by putting a drop of the 
nanorod sample (30 µL) on a formvar coated and carbon sputtered copper TEM grid,  
placing the grid on a filter paper, and allowing the solution to evaporate at room 
temperature. For each sample, the size of a minimum of 100 particles was measured 
to obtain the average dimensions and the size distribution.  
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6. Isotope Effect[1]  
 
6.1 Introduction 
The tuneable NIR absorbance in conjunction with the low cytotoxicity of gold has 
fueled research in the synthesis of rodlike gold nanocrystals for a wide range of 
biomedical applications such as sensing, imaging or photothermal therapy [2]. 
However, a fundamental problem in the realization of these technologies persists in 
the need for (cytotoxic) capping agents – such as cetyl trimethylammonium bromide 
(CTAB) – in order to induce the anisotropic particle growth in aqueous solution [3]. 
While recent research has shown progress towards techniques for the near-
quantitative separation and replacement of CTAB with biocompatible surfactant 
systems the applicability of rodlike gold nanocrystals would benefit from the 
development of synthetic procedures that circumvent or decrease the required 
amount of capping agents for the synthesis of gold nanorods [4].  
The preparation of gold nanorods via the seeded-growth approach in which spherical 
gold nanocrystals are used as seeds to grow gold nanorods in the presence of a 
growth solution comprising Au(I), weak reducing agents and cationic surfactants 
(CTAB) was first introduced by Murphy et al. and later refined by using a different 
stabilizer (CTAB) for the seed particles [5,6]. Despite the significant efforts to 
understand the mechanism of anisotropic growth, the role of the surfactant and 
auxiliary reagents remains only poorly understood. Previous reports have suggested 
the role of surfactant to be twofold: First, to induce anisotropic growth by kinetic 
selection through preferential adsorption of CTAB to low-density {100} and {110} 
crystal facets (perhaps supported by the development of ad-layers formed by the 
underpotential deposition of Ag(I)) and, second, the stabilization of nanorods in 
solution through formation of a surfactant bi-layer [7-9]. Additional complexity is 
introduced by surface reconstruction processes of high-energy crystal facets (that are 
associated with the non-equilibrium rodlike particle shape) that have recently been 
shown to result in modifications of the particle’s surface topology and that have been 
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linked to the transition from anisotropic to isotropic growth after short reaction times 
(‘shape reversal effect’) [10]. Thus, while the detailed mechanism of anisotropic 
growth remains elusive, existing results point to the relevance of surface adsorption 
and transport processes that render the particle formation sensitive to changes of the 
adsorption affinities and solution activities of the respective reactants. Here the effect 
of solvent isotopic replacement on the formation of gold nanorods is reported. Both 
the average particle anisotropy and nanorod yield are significantly increased if the 
synthesis is performed in deuterium oxide. In contrast to aqueous solution, the 
average particle shape anisotropy is found to level-off at prolonged reaction times, 
accompanied by a more uniform distribution of particle anisotropy. The increase in 
efficiency of the seeded-growth process in D2O solution furthermore is shown to 
facilitate the reduction of the surfactant concentration during particle synthesis by an 
order-of-magnitude.           
 
6.2 Results and Discussion 
In order to elucidate the effect of solvent isotopic replacement, the synthesis of gold 
nanorods was performed under identical reaction conditions but with systematically 
increased volume fraction of D2O in the solvent, i.e. φD2O = 0%, 20%, 49%, 78% and 
99%, respectively. Particle growth was monitored by UV-vis absorption spectroscopy 
of the solutions after 3h and 7d. As shown in Figure 6.1 the absorption spectra of all 
solutions exhibited the characteristic splitting of transverse and longitudinal plasmon 
absorbance that is a fingerprint of the growth of rodlike gold nanocrystals. After t = 3h 
of reaction time the absorbance spectra (see Figure 6.1a) reveal a continuous red-
shift of the longitudinal plasmon absorption with increasing content of D2O from 
λmax,long = 744 nm in pure H2O to λmax,long = 812 nm in pure D2O, respectively. After t = 
7d of reaction time (see Figure 6.1b) a similar trend is observed with λmax,long = 680 
nm in pure H2O to λmax,long = 793 nm in pure D2O. 
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Figure 6.1.UV-vis absorbance spectra of as-prepared gold nanorods with different D2O volume 
fraction after a) 3h and b) 7 days of reaction time. All curves exhibit the characteristic splitting of 
transverse and longitudinal plasmon absorption. In D2O solution a red-shift of the longitudinal plasmon 
absorption (3h: λmax,long = 812 nm, 7d: λmax,long = 793 nm) indicates the increase of particle shape 
anisotropy as compared to aqueous solution. 
 
As demonstrated by El-Sayed and co-workers the wavelength of the longitudinal 
plasmon absorption is approximately linearly related to the average particle shape 
anisotropy, i.e. in aqueous solution λmax,long = 96,9 〈a〉 + 385 nm [11]. By neglecting 
the wavelength shift that is associated with the minor difference in the solvents’ 
refractive index (at optical frequencies nH2O = 1,3328 and nD2O = 1,3283) the shift in 
longitudinal plasmon absorption can be related to an increase in particle anisotropy 
from 〈a〉 = 3,7 (2,9) in H2O to 〈a〉 = 4,4 (4,2) in D2O after t = 3h (7d). This is 
corroborated by transmission electron micrographs after t = 6h shown in Figure 6.2 
that confirm a systematic increase in shape anisotropy with increasing volume 
fraction of D2O [12].  
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Figure 6.2. Bright field transmission electron micrographs of gold nanorods (deposited on formvar 
coated Cu-grids) after 6h of reaction time obtained from reaction mixtures containing a) 99%, b) 49% 
and c) 0% of D2O.  
 
While it is difficult to quantify the overall nanoparticle yield and the fraction of 
spherical side products for the different experiments, the trend of increased nanorod 
yields with increasing D2O content was discerned from electron micrographs and 
confirmed by the increased contribution of the longitudinal plasmon resonance to the 
absorption spectrum of the nanorod solution. Table 6.1 summarizes the characteristic 
nanorod dimensions that were obtained by measuring more than 200 particles. The 
effect of decreasing rod width (22,2 nm to 14,7 nm) and increasing aspect ratio (2,2 
to 3,5) with higher D2O volume fractions are clearly evident. Note that the major 
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implication of solvent deuteration is to reduce the particle diameter while the particle 
length is about independent of the degree of deuteration. 
 
Table 6.1 Optical characteristics and dimensions of gold nanorods as discerned from TEM and UV-vis 
spectroscopy. 
φ(D2O d / nm L / nm 〈a〉TEM λmax,long / nm 〈a〉UV-vis 
0% 22,2 ± 4,1 47,7 ± 9,5 2,2 ± 0,3 744 3,6 ± 0,9 
20% 19,1 ± 3,2 45,5 ± 7,4 2,4 ± 0,3 749 - 
49% 18,1 ± 4,1 45,3 ± 9,0 2,6 ± 0,5 757 - 
78% 16,4 ± 3,7 48,2 ± 7,8 3,0 ± 0,6 778 - 
99% 14,7 ± 3,8 50,3 ± 9,0 3,5 ± 0,6 812 4,4 ± 0,8 
 
In order to further evaluate the effect of solvent deuteration on the particle shape 
anisotropy, the optical absorption spectra were analyzed by fitting the experimental 
spectra with the simulated absorption spectra of an ensemble of nanorods with 
constant rod thickness d (equal to the average thickness determined from TEM 
analysis) and normal distributed particle length L. The assumption of constant rod 
thickness is a requirement in order to apply equation 1 to determine the shape 
anisotropy distribution and is justified by the rather uniform rod thickness that is 
revealed by TEM (see Figure 6.2). A Gaussian was chosen to represent the 
distribution of particle lengths because it provides a convenient means to specify the 
major characteristics of the distribution and because recent studies on statistically 
meaningful particle ensembles using UV-vis spectroscopy have concluded a rather 
symmetric distribution of shape anisotropy [11]. Note that in the fitting procedure the 
transverse plasmon absorption is ignored because of the presence of an unknown 
amount of spherical nanocrystals in the reaction product that complicates the 
interpretation of the peak characteristics. Figure 6.3 depicts the experimental and 
calculated absorption spectra for a reaction time t = 3h and t = 7d in H2O and D2O, 
respectively. Overall, the calculated absorption spectra are found to adequately 
reproduce the experimental spectra although a minor error is introduced for spectra 
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in D2O solution by the presence of a ‘shoulder’ at the long wavelength tail of the 
absorption peak (possibly caused by a small amount of nanorods with higher shape 
anisotropy) that cannot be captured using a mono-modal size distribution.  
 
Figure 6.3 Comparison of experimental (symbols) and simulated absorption spectra (continuous line) 
of gold nanorod solutions after (a) t = 3h and (b) t = 7d. Symbols refer to 100% H2O (blue squares) 
and 0% H2O (red circles). Calculations were performed assuming a normal distribution of shape 
anisotropy a (see text for details). The variance was assumed to be σ2 = 0,21 (H2O, 3h), σ2 = 0,15 
(D2O, 3h), σ2 = 0,32 (H2O, 7d) and σ2 = 0,12 (D2O, 7d). Inset shows the respective residuals (i.e. 
difference between calculated and experimental values) for D2O solution. 
 
Figure 6.4 compares the anisotropy distributions that were discerned from the 
analysis of the absorption spectra for nanorods grown in pure H2O and D2O after a 
reaction time t = 3h and t = 7d. After t = 3h the average particle anisotropy is found to 
be 〈a〉 = 3.6 in H2O and 〈a〉 = 4.4 in D2O, in excellent agreement with the average 
particle anisotropy discerned from the linear relationship of 〈a〉 and λmax,long as 
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reported by Eustis et al. [11]. Note that the variance of a is found to be significantly 
larger in regular aqueous solution, i.e. σ2 = 0,21 for H2O as compared to σ2 = 0,15 for 
D2O solution.  
 
Figure 6.4 Calculated distribution of particle shape anisotropy; (a) after t = 3h and (b) after t = 7d. In 
H2O solution a pronounced decrease in average particle anisotropy is observed after t = 7d. 
 
Interestingly, solvent deuteration is found to have a pronounced effect on the particle 
evolution at longer reaction times. As depicted in Figure 6.1b after t = 7d the average 
shape anisotropy is found to decrease to 〈a〉 = 2,1 in H2O associated with an 
increase of the variance of the distribution of shape anisotropy to σ2 = 0,32 indicating 
a more isotropic particle growth. Note that this shape reversal has been commonly 
observed for gold nanorods in aqueous solution and recently was interpreted to be 
related to surface reconstruction processes that alter the binding of surfactants to the 
individual crystal facets and level the respective growth rates [10,13]. As the fraction 
of D2O is increased a strikingly different behaviour is observed, i.e. in pure D2O a is 
found to remain about constant with 〈a〉 = 4,4 along with a decrease of the variance in 
a to σ2 = 0,12 after 7d.  
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The origin for the implications of solvent deuteration on the morphology evolution of 
gold nanorod solutions is likely a complex superposition of the effect of deuteration 
on the activities of the reactants and the associated change of transport and 
association characteristics. For example, it has been shown that the solubility of 
silver salts in D2O is systematically reduced by about 5 mol % as compared to H2O 
[14,15]. Similarly, previous reports on the phase behavior of CTAB in H2O and D2O 
conclude a decrease of the critical micelle concentration (cmcH2O = 1 mM, cmcD2O = 
0,82 mM) as well as an increase of the average micelle dimensions with increasing 
degree of deuteration. Figure 6.5 summarizes the aggregation characteristics of 
CTAB in aqueous solution with systematically increased fraction of deuteration as 
determined previously using small-angle neutron scattering and demonstrates the 
increase of micellar size with increasing amount of D2O in solution [16]. Further 
confirmation is provided by photon correlation spectroscopy that probes the 
hydrodynamic size of the micelles in solution. For example, the inset of Figure 6.5 
depicts the aggregate size distributions of CTAB micelles in H2O and D2O solutions 
(c = 0,078M), measured at wavevector q = 9,61 × 107 m-1 revealing an increase of the 
average micelle hydrodynamic radius (discerned from the relaxation time spectra by 
assuming spherical micelle shape) from RH = 0.9 nm in H2O to RH = 1.1 nm in D2O, 
respectively [16].  
 
Figure 6.5 Aggregation number and anisotropy of CTAB micelles in D2O/H2O mixtures as solvent as 
derived from reference 14. Inset shows distribution of micellar size determined by photon correlation 
spectroscopy of 0.078 M solutions of CTAB in D2O (dotted line) and H2O (continuous line) measured 
at wavevector q = 9,61 × 107 m-1. The micelle hydrodynamic radius (calculated by assuming spherical 
micellar shape) is found to be RH = 0,9 nm in H2O to RH = 1,1 nm in D2O, respectively. 
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The reduced solubility of CTAB in D2O solution is likely related to the stronger 
deuterium-bond formation (the bond interaction has been estimated to be ΔEH ~ 3,57 
kcal/mol for H-bonds and ΔED ~ 3,81 kcal/mol for D-bonds, respectively) that 
enhances hydrophobic interactions and thus the driving force for micelle formation 
[17-20]. We hypothesize that the reduced solubility of the surfactant and metal salts 
will have a complex and multifaceted effect on the reaction process, including mass 
transport and thermodynamic driving force but also on surface reconstruction 
processes that sensibly depend on the adsorption of reactants to the particle surface. 
Overall, the results suggest that the reduced solubility of reactants induces a slow-
down of exchange processes that occur at the particle surface (presumably at the 
high energy crystal facets) that ultimately result in the inversion from anisotropic to 
isotropic growth. This argument is in good agreement with the observation of reduced 
rod diameter with increased degree of solvent deuteration since stronger adsorption 
to high-energy facets should primarily result in the reduction of radial crystal growth.   
The increased efficiency of the rod formation process in D2O solution offers new 
opportunities to reduce the amount of surfactant necessary to facilitate rod formation. 
Figure 6.6a depicts the UV-vis spectra of nanorod solutions prepared with 10% of the 
original CTAB concentration (c = 0,008 M) after t = 3h and 7d. The longitudinal 
plasmon absorbance in D2O solution at λ = 645 nm reveals the formation of nanorods 
with an anisotropy of about a = 2,6 that is retained after t = 7d. In contrast, the single 
plasmon absorption at λ = 520 nm in regular aqueous solution indicates the absence 
of anisotropic particles and confirms previous reports of isotropic particle growth if the 
surfactant concentration is reduced significantly below the original published value of 
c ~ 0,08M [7]. This observation is confirmed by electron micrographs, as shown in 
Figure 6.6b, which reveal formation of nanorods (isotropic nanoparticle shapes) in 
D2O (H2O). 
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Figure 6.6 a) UV-vis absorbance spectra of gold nanorods synthesized with reduced concentration of 
CTAB (cCTAB = 0,008M) in H2O (red) and D2O (black) solution after t = 3h (continuous line) and t = 7d 
(dashed line) reaction time. The longitudinal plasmon absorption (λmax,long = 645 nm) in case of D2O 
solution confirms the formation of nanorods. Inset depicts the dependence of λmax,long on the amount of 
CTAB present during the reaction in H2O (red squares) and D2O (black circles). Continuous lines 
correspond to t = 3h and dashed lines and t = 7d, respectively. b) Bright field transmission electron 
micrographs of gold nanoparticles synthesized with 10% of the original CTAB concentration (c = 0,008 
M) in D2O (main image) and in H2O (inset).   
 
6.3 Conclusions 
With increasing replacement of water by deuterium oxide, both, higher yields and 
aspect ratios of gold nanorods synthesized by using the seeded-growth method are 
observed. Furthermore, in D2O solution the anisotropic particle shapes remain stable 
for one week (the longest time considered in our experiments) whereas in regular 
aqueous solution isotropic growth (and thus decrease of particle shape anisotropy) is 
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observed after several days of reaction time. The longitudinal plasmon absorption 
can be fitted with the simulated spectra for normal distributed particle shape 
anisotropies revealing more uniform particle anisotropy in D2O solution with 
increasing reaction time. In contrast, in regular aqueous solution coarsening is 
observed. The effect of isotopic replacement can be interpreted as a consequence of 
the decreased solubility of both, metal salts as well as the shape-regulating 
surfactant (CTAB) in deuterated water that is evidenced by the larger aggregate 
dimensions in pure surfactant solutions. The increased efficiency of the seeded-
growth approach in D2O facilitates the synthesis of gold nanorods at tenfold reduced 
surfactant concentrations. This will be of interest for biomedical applications where 
the quantitative separation of CTAB presents one of the key challenges. From a 
more fundamental perspective, the pronounced effect of solvent deuteration on the 
particle formation in aqueous solution underscores the subtleties of water-based 
systems in which hydrogen-bond interactions have a dominant effect on solution 
properties. These effects need to be considered in studies of particle growth 
mechanism in which for analytical purposes, such as nuclear magnetic resonance 
(NMR) or small-angle neutron scattering (SANS), H2O is substituted by D2O. 
  
6.4 Materials and Methods 
Materials. Tetrachloroauric(III) acid (≥ 49% as Au) was purchased from Fluka, 
cetyltrimethylammonium bromide was purchased from Merck-Schuchardt. Sodium 
borohydride, L-(+)-ascorbic acid and silver nitrate were purchased from Aldrich and 
deuterium oxide from Deutero. All chemicals were used as received. Water was 
bidistilled before use. 
Nanorod synthesis. Nanorods were prepared via a seed mediated growth 
procedure [6]. A growth solution was prepared by dissolving silver nitrate (0,01 mM), 
CTAB (0,08 M) and hydrogen tetrachloroauric(III) acid (0,42 mM) in different mixtures 
of H2O and D2O and stirring at room temperature. The orange solution turned 
colourless upon addition of ascorbic acid (0,5 mM). The following volume fractions of 
D2O were chosen: 0%, 20%, 50%, 80% and 100%. 
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A seed solution was prepared by dissolving CTAB (0,1 M) and hydrogen 
tetrachloroauric(III) acid (0,24 mM) in bidistilled water. Under vigorous stirring freshly 
prepared, ice-cold, aqueous sodium borohydride solution (0,6 mM) was added and 
the solution turned from orange to yellow-brown. Seed solution (12 µL) was added to 
the growth solution (10 mL) to start nanorod growth. The seed solution was used 15 
minutes after preparation. 
Instrumentation. Absorption spectra were acquired using a Shimadzu UV-Vis-
spectrophotometer UV160A. TEM images were acquired using a Zeiss Libra®120 
transmission electron microscope with an accelerating voltage of 80 or 120 kV and a 
Hitachi S4800 field emission scanning electron microscope in TEM mode with an 
accelerating voltage of 30 kV. Nanorod samples were concentrated by centrifugation 
(11 000 rpm for 20 min) before preparing TEM samples. TEM grids were prepared by 
putting a drop of the nanorod sample (30 µL) on a formvar coated copper TEM grid, 
placing the grid on a filter paper, and allowing the solution to evaporate at room 
temperature. For each sample, the size of a minimum of 200 particles was measured 
to obtain the average dimensions and the size distribution. Dynamic light scattering 
experiments on CTAB solution were carried out using a Zetasizer Nano Z instrument.  
UV-vis Data Analysis. The distribution of particle anisotropies was determined from 
the experimental optical absorption spectra by fitting the longitudinal plasmon 
absorption peak with simulated absorption spectra of an ensemble of nanorods with 
normal distributed shape anisotropy similar to a procedure published by Eustis et al. 
[11]. In brief, the absorption A of a nanorod solution is calculated following Lambert-
Beer’s law as A = −lg (I/I0) = γC, where I and I0 represent the incoming and 
transmitted intensity, γ denotes the average nanorod absorption coefficient and C is a 
constant that is proportional to the number density of nanorods as well as the optical 
path length. The absorption coefficient of an ensemble of polydisperse gold nanorods 
is calculated as  
 ∫
∫=
aG(a)
aG(a)γ(a)
d
dγ  (1) 
where a = L/d is the particle anisotropy (with L and d denoting the rod length and 
thickness, respectively), ( ) ( ) ( )[ ]1221 2σaaexpσ2πG(a) −− −−=  is the distribution of 
particle anisotropy (with 〈a〉 and σ2 denoting the average particle anisotropy and 
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variance) and γ(a) is the absorption coefficient of a single nanorod with anisotropy a. 
Following El-Sayed and co-workers γ(a) is given by  
 ( )( )∑= −
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where ε1(λ) and ε2(λ) denote the wavelength dependent real and imaginary part of 
the dielectric constant of gold (here assumed to be equal to the bulk values of gold), 
εsol = 1,776 is the dielectric constant of water at optical frequencies and V the particle 
volume, respectively [21]. Pi are shape factors that are given by 
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and P2 = P3 = (1 – P1)/2 for circular cylindrical particle shapes [21]. In order to model 
the experimental absorption spectra using equation 1 the particle thickness was 
assumed to be constant and equal to the average thickness that was determined 
from the electron micrographs of the respective particle samples. The Levenberg-
Marquardt algorithm as implemented in MATLAB was used for a least-squares 
optimization and determination of the shape anisotropy distribution G(a) [22]. It must 
be noted that the assumption of a Gaussian distribution of particle anisotropies 
provides only an approximate description of the true anisotropy distribution that likely 
will exhibit some degree of asymmetry. However, some support for this assumption is 
provided by previous reports on the synthesis of gold nanorods that concluded – 
within the experimental error – symmetric particle length distributions [11].      
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7. Ionic Liquids as Shape-Regulating Solvents for 
the Synthesis of Gold Nanorods[1]  
Part of this work was done in the Department of Materials Science and Engineering 
at Carnegie Mellon Universtiy, Pittsburgh, USA under the supervision of Prof. M. 
Bockstaller.  
 
7.1 Introduction 
The tuneable NIR absorbance of gold in conjunction with its low cytotoxicity has 
fueled research in the synthesis of rodlike gold nanocrystals for a wide range of 
biomedical applications such as sensing, imaging, and photothermal therapy.[2] 
However, a fundamental problem in the realization of these technologies is the need 
for (cytotoxic) surfactants—such as cetyl trimethylammonium bromide (CTAB)—in 
order to induce the anisotropic particle growth in aqueous solution.[3] Here we 
present an alternate synthetic strategy based on ionic liquid solvents that lifts the 
need for shape-regulating surfactants. 
Ionic liquids (ILs) have attracted interest as benign solvent systems for the synthesis 
of nanomaterials as they combine several attractive characteristics, for example 
inherent conductivity, stability over a broad range of electrochemical potentials, and 
environmental benefits deriving from the low vapor pressure and straightforward 
separation procedures.[4,5] Two major strategies have been pursued for the 
synthesis of metal nanoparticles in IL solution: 1) the addition of auxiliary capping 
agents (in analogy to the reactions in aqueous solution) to stabilize the formation of 
nanosized particles, and 2) the use of modified ILs capable of acting both as solvent 
and capping agent. For example, thiol and alcohol-substituted ILs were applied for 
the synthesis of Au and Pt nanoparticles by reduction of the respective metal salts 
with a strong reducing agent (NaBH4).[6,7] Common to these prior studies is the use 
of strong reducing agents and the (predominantly) covalent linkage of the capping 
agent to stabilize the growing metal nuclei.  
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The assertion of this work is that under conditions of decelerated particle growth (by 
use of weak reducing agents) the stabilization of gold nanocrystals is facilitated by 
solvent coordination in unmodified imidazolium ionic liquids.[8,9] Imidazolium cations 
are particularly intriguing stabilizing agents for gold nanocrystals since related 
aromatic heterocycles have been shown to preferentially bind to high-energy 
crystallographic orientations of gold surfaces such as the {100}, {110}, and {311} 
orientations.[10-12] This suggests that imidazolium-based ILs may stabilize non-
equilibrium particle shapes (such as nanorods) that exhibit fewer low-energy {111} 
facets than the equilibrium (Wulff) shape. 
In this chapter, the effectiveness of several 1-ethyl-3-methylimidazolium based ionic 
liquids in inducing nanorod growth is compared and it is demonstrated that 
anisotropic gold nanocrystals can be synthesized in 1-ethyl-3-methylimidazolium 
ethylsulfate ([EMIM][ES]) in very high yield in the absence of auxiliary shape-
regulating surfactants. Dependent on the amount of Ag(I) present in the reaction 
mixture, the particle aspect ratio can be controlled within the range a=L/d=1–15 
(where L and d denote the particle length and thickness); this is comparable to the 
range of shape anisotropy that has been demonstrated in aqueous solutions.  
 
7.2 Results and Discussion 
Effect of anions on the synthesis of gold nanostructures in [EMIM] ionic liquids 
The synthetic approach used here is based on the seeded-growth method originally 
developed by the Murphy group for the synthesis of gold nanorods in aqueous 
surfactant systems[13-15] and takes advantage of the binding affinity of imidazolium 
cations to gold crystal facets. In a first step, the applicability of different [EMIM] salts 
to the growth and seed solution was tested. Ethylsulfate, methylsulfate, lactate and 
acetate were chosen as counterions and these ionic liquids were screened for 
preparation of seed and growth solutions (Scheme 7.1).  
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Scheme 7.1 Structure of 1-ethyl-3-methylimidazolium based ionic liquids, which were applied to gold 
nanoparticle synthesis. 
 
Spherical gold nanocrystals (seed crystals) were synthesized in IL solution using the 
strong reducing agent sodium borohydride under ice-cooling. In the case of 
ethylsulfate, lactate and acetate ionic liquids, the seed solutions appeared almost 
colourless after 1h cooled to 0°C. In contrast to this, with the methylsulfate salt the 
solution turned yellowish-brown after 10 min and after one hour the colour had 
changed to a deep red, indicating faster particle formation and growth.  
For the growth solutions, ascorbic acid and silver nitrate solutions in ionic liquids had 
to be prepared. In the case of ascorbic acid in [EMIM] lactate and acetate the 
solution turned a deep yellow within a few minutes of dissolution. Similarly, in the 
case of methylsulfate a purple colour was observed after 5 to 10 min. This might 
point to side reactions and thus, solutions were only used fresh. When mixing ionic 
liquid, gold salt, silver nitrate and ascorbic acid, stable colourless Au(I) solutions were 
obtained for [EMIM] methylsulfate and ethylsulfate. However for lactate and acetate 
the yellowish colour remained, although approximately threefold excess of reducing 
agent was used indicating either stronger Au(III) stabilization or deactivation of the 
reductive power of ascorbic acid by the IL anions.  
Nevertheless, seed solution was added to all growth solutions. A deep blue colour 
was observed for [EMIM] methylsulfate and ethylsulfate, while acetate and lactate 
retained its yellowish colour. UV-Vis spectroscopy showed the development of a 
broad plasmon peak for the alkylsulfates ranging from wavelengths of approximately 
450 nm to >1100 nm, indicating anisotropic particle formation (see Figure 7.1). In the 
case of acetate, UV-Vis spectroscopy showed no major particle development, while 
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with lactate a single plasmon peak at 510 nm signified that a certain amount of 
spherical nanoparticles were obtained. Additionally, in both latter cases a small peak 
around λmax = 950 nm might point to a certain amount of anisotropic structures, but 
TEM investigations did not show such particles, probably due to their low 
concentration.  
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Figure 7.1 UV-Vis spectroscopy of gold particles obtained in [EMIM] methylsulfate (light blue curve), 
ethylsulfate (dark blue curve), lactate (pink curve) and acetate (green curve). 
 
For acetate, TEM showed no particles, while for the lactate as expected mainly 
isotropic particles were observed. Figure 7.2a however presents quite poor particle 
homogeneity. Particle sizes differ (d = 10-50 nm) and shapes are partly irregular. 
Darker contrast in small areas at the edges of the gold nanoparticles (d ≈ 4 nm) can 
be distinguished for many particles, which gives the particles a “head-tail”-like 
structure. Most likely, these areas represent the seed nanocrystals, which grew 
spherically but left the initial seed on the particle surface.  
As indicated by UV-Vis spectroscopy, TEM corroborated that nanoparticles obtained 
with [EMIM] ethyl- and methylsulfate, showed a significant amount of anisotropic 
structures (see Figure 7.2b,c). In contrast to the aqueous nanorod synthesis 
however, particle morphology is more irregular and again, a “head-tail” like structure 
is observed, where the bulged head probably originates from the seed particle, from 
which the gold nanorod was grown. Comparing the nanorods obtained with [EMIM] 
methyl- and ethylsulfate, one can see that in the presence of methylsulfate the 
particle structure appears more bent or wormlike, while with ethylsulfate rods have 
rather straight sides. In both cases, aspect ratios are difficult to determine because of 
overlapping of nanowires and fluctuating widths along one particle. This together with 
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a wider length distribution also explains the broad, featureless plasmon band 
observed with UV-Vis, but nevertheless anisotropies are similar or higher than those 
obtained with conventional, aqueous nanorod syntheses.  
 
Figure 7.2 TEM images of gold nanoparticles obtained in the presence of different ILs: a) [EMIM] 
lactate, b) [EMIM] methylsulfate, c) [EMIM] ethylsulfate. 
 
Summing up, it is evident that the counterion structure of the imidazolium cation 
plays an important role in the synthesis of gold structures in ionic liquids. While no 
particle formation was observed with acetate, lactate gave mainly spherical particles 
and ethyl- as well as methylsulfate yielded a large fraction of anisotropic particles. All 
particles have rather irregular shapes and a “head-tail” structure in common, which 
seems to be a characteristic for the growth in imidazolium ionic liquids Although in 
the cases of ethyl- and methylsulfate nanorod yield with respect to nanospheres was 
lower than in the aqueous synthesis and particle shape was more irregular, aspect 
ratios were the same or higher. Especially the synthesis with [EMIM] ethylsulfate is 
promising, since highly anisotropic nanorods with straight sides could be prepared. 
Therefore in the next section, the nanorod synthesis with [EMIM] ethylsulfate will be 
examined further. 
 
Synthesis of rodlike gold nanoparticles in [EMIM] ethylsulfate  
As explained in the last section, rodlike gold nanoparticles can be synthesized by 
applying 1-ethyl-3-methylimidazolium ethylsulfate solution ([EMIM][ES]) as solvent 
and capping agent to the seeded growth procedure. In this section, the role of 
different seed particles and silver nitrate concentrations will be investigated and 
structural characterization of the developing rods will be done, in order to elucidate 
their growth mechanism.  
a b c 
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Spherical gold nanocrystals (seed crystals) are synthesized in 1-ethyl-3-
methylimidazolium ethylsulfate solution ([EMIM][ES]) using strong reducing agents 
(trisodium citrate and/or sodium borohydride. Note that the reductive strength of 
borohydride exceeds that of citrate, however, for the purpose of the present section, 
both will be considered as strong reducing agents). Subsequently the nanocrystals 
are injected into a growth solution comprising a solution of Au(I), Ag(I), and a weak 
reducing agent (ascorbic acid) in [EMIM][ES].[16] The reaction process is illustrated 
in Scheme 7.2. 
 
Scheme 7.2 Illustration of the two-step synthesis procedure: Reduction of Au(III) in [EMIM][ES] by 
strong reducing agents (citrate) results in formation of spherical crystal shapes (seed crystals). 
Addition of the weak reducing agent ‘ascorbic acid’ stabilizes Au(I) in [EMIM][ES] solution and 
facilitates anisotropic growth after addition of seed crystals. 
 
[EMIM][ES] was chosen as the IL because of its ability to dissolve inorganic salts 
(without side reactions), which is due to its hydrophilic characteristics and high 
dielectric constant (ε=27,9).[17] The Ag(I) content in the growth solution was set at 
xAg=0; 0,04; 0,08; and 0,16 (with xAg=c(Ag(I))/c(Au(I)) denoting the molar ratio of 
Ag(I)) in order to elucidate the relevance of Ag(I) on the rod-formation process. 
Figure 7.3 depicts the optical absorption spectra of tenfold diluted samples of the 
nanorod solution recorded 2, 5, 10, and 30 minutes (xAg=0,08). At short reaction 
times (t=2 and 5 min) the absorption spectra are dominated by the damped plasmon 
resonance at λ=542 nm that is characteristic of small spherical gold nanocrystals in 
[EMIM][ES]. After t=10 minutes a distinct long-wavelength absorption at λ=725 nm is 
observed, which becomes a dominant absorption peak at λ=749 nm for the sample 
obtained after t=30 minutes. This transition is indicative of the growth of anisotropic 
gold particles in which the splitting of the plasmon resonance in transverse and 
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longitudinal excitation modes gives rise to the characteristic long-wavelength 
plasmon absorption.[18] 
 
Figure 7.3 UV/Vis absorption spectra of nanorod solutions after reaction times of 2 (black, short 
dash), 5 (red, dotted), 10 (green, dash), and 30 min (blue, continuous). The increase and red-shift of 
the longitudinal plasmon resonance (indicated by arrows) from λ=725 nm (10 min) to λ=749 nm (30 
min) is characteristic for anisotropic particle growth.  
 
Growth of anisotropic particles is confirmed by transmission electron microscopy 
(TEM, Figure 7.4). After t=10 minutes the formation of tadpole-type nanoparticles is 
observed with dimensions of <d>=(5±3) nm and <L>=(18±5) nm. With increasing 
reaction time t the average particle shape anisotropy <a> (determined by electron 
microscopy) is found to increase to <a>≈6 after t=30 minutes. Using model 
calculations based on Mie theory (not shown here) the wavelength for the 
longitudinal plasmon resonance can be estimated for gold nanorods with an aspect 
ratio a=6 to be λth ≈ 900 nm. This is somewhat larger than the λexp=749 nm obtained 
from Figure 7.3 and suggests that TEM overestimates the average rod anisotropy by 
about 25%. The length disparity of nanorods evident from the micrograph (Figure 
7.3b) also rationalizes the shoulder in the absorbance spectra after t=30 minutes in 
the wavelength range 550<λ<700 nm. No significant change in the optical 
characteristics of the particle solutions was observed after t=30 minutes, and the 
solutions remained stable over two weeks—the maximum time considered in the 
experiments. Analysis of electron micrographs such as Figure 7.4 furthermore 
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reveals a ratio of rodlike to spherical particle morphologies in excess of 9:1, 
indicating a high yield of the rod formation process. 
 
 
Figure 7.4 Bright-field TEM image of gold nanorods in [EMIM][ES] after different reaction times t. a) 
After t=10 min, <d>=(5±3) nm and <L>=(18±5) nm; the inset shows seed nanocrystals (<d>= (6,5±2,1) 
nm). b) After t=30 min, <d>=(9±2) nm and <L>=(46,1±8,0) nm; the inset shows distribution of nanorod 
anisotropy a after t=30 min (ν: normalized particle frequency). 
 
The presence of Ag(I) during the growth process was found to be critical to induce 
the formation of nanorods. Figure 7.5 depicts the electron micrographs of nanorods 
(growth time t=30 min) that were synthesized using increasing molar fractions of 
Ag(I) (xAg= 0,04; 0,08; and 0,16). Both anisotropy and yield of nanorods (i.e. the 
fraction of rods relative to the total number of particles) are found to increase with 
rising xAg. In the absence of Ag(I) only spherical particles formed. These observations 
are similar to those made for aqueous surfactant systems where Ag(I) presumably 
contributes to the stabilization of rodlike particle shapes through formation of ad-
layers on the gold crystal surface – most likely on the high-energy {110} and {100} 
facets that are prevalent in single-crystalline gold nanorods.[14,15] While the role of 
Ag(I) cannot be resolved in the present study it is interesting to note that the results 
suggest the shape-regulating effect to be associated with Ag(I) or Ag(0) rather than 
AgBr which has been discussed as a possible contributor in the stabilization process 
in aqueous systems. 
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Figure 7.5 a,b) TEM images of gold nanorods in [EMIM][ES] for different molar fractions of Ag(I) at 
t=30 min after addition of seed crystals. Insets depict the respective particle anisotropy distribution. a) 
xAg=0,08, <a>=6,1, <L>=(32,2±4,1) nm. b) xAg=0,16, <a>=10,9, <L>=(45,9±6,2) nm. c) Plot of the 
average rod anisotropy <a> and nanorod yield Y (number fraction of rodlike particles) as function of 
xAg; dashed lines are inserted to guide the eye. 
 
Interestingly, high resolution electron microscopy (HRTEM) as shown in Figure 7.6 
confirms the single single-crystallinity of the nanorods. From the lattice plane 
orientations of the nanorods two primary growth directions can be discerned, i.e. the 
<100> and <110> direction, respectively (a representative image of each orientation 
is shown in Figure 7.6). This is analogous to the growth of single-crystalline nanorods 
in aqueous solution that were found to grow primarily along the <100> direction and 
indicates that the role of [EMIM][ES] in regulating the particle shape is similar to 
CTAB in aqueous solution, for which the anisotropic growth has been related to the 
higher binding affinity of the surfactant to the high-energy {100} and {110} crystal 
facets.[15f,19]  We hypothesize that the origin for the difference in particle shapes 
involves a more subtle interplay between the morphology of the seed crystals and the 
specific binding affinities of [EMIM][ES] to the respective crystal facets. A more 
comprehensive study of crystal morphologies and effect of IL characteristics using 
high resolution microscopy are underway. 
 
a b c
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Figure 7.6 HRTEM of gold nanorods grown in [EMIM][ES] depicting {111} sublattices (lattice distance 
= 0,236 nm). Micrographs reveal the single-crystalline structure and particle growth direction along 
[110] (a) and [100] (b) direction. Inset shows the respective crystallographic orientation. Scale bar = 5 
nm. 
 
7.3 Conclusions 
In conclusion, different ionic liquids were tested for their ability to stabilize 
nanoparticles and induce anisotropic growth. While no particle formation was 
observed with acetate, lactate gave mainly spherical particles and ethyl- as well as 
methylsulfate yielded a large fraction of anisotropic particles with different 
morphological control. Especially in the presence of the ethylsulfate IL, high yields of 
rodlike gold nanocrystals could be prepared. The high-yield formation of rodlike gold 
nanoparticles in [EMIM][ES] in the absence of shape-regulating surfactants 
demonstrates new opportunities for IL solvent systems for the synthesis of 
nanomaterials. This could be of interest, for example, for the synthesis of gold 
nanorods for biomedical applications in which a fundamental problem persists in the 
cytotoxicity of the capping agents needed to induce the anisotropic growth. Since 
preliminary toxicological studies on imidazolium-based ionic liquids are encouraging, 
the IL-based synthesis approach could be more compatible with biomedical 
applications.[20] 
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7.4 Materials and Methods 
Materials. [EMIM][ES] was supplied by Alfa Aesar. [EMIM] acetate, [EMIM] L-(+)-
lactate and [EMIM] methyl sulfate as well as HAuCl4, AgNO3, trisodium citrate, 
NaBH4, and ascorbic acid were obtained from Aldrich and used without further 
purification. All reactants were found to dissolve ionic liquids, in the case of 
[EMIM][ES] after stirring for 1 h and heating to T=60°C and to remain in solution after 
cooling to room temperature.  
Seeds. For the comparison of [EMIM] acetate, lactate, ethylsulfate and methylsulfate, 
seed particles were synthesized by addition of 0,7 mg of CTAB to 5 ml of HAuCl4 
ionic liquid solution (1 mM). The solution was ice-cooled and NaBH4 solution (1 mM) 
was added. The seed solutions were left in an ice bath for 1h. 
Citrate-capped seed nanocrystals with an average particle diameter of 
<d>=(6,5±2,1) nm were synthesized by addition of 0,5 mL of trisodium citrate (50 mM 
in [EMIM][ES]) to 5 mL of HAuCl4 (1 mM in [EMIM][ES]). The solution was stirred for 
120 minutes at 85°C before cooling to room temperature.   
Nanoparticle synthesis in different ionic liquids. A growth solution was prepared 
by adding 50 µl of AgNO3 in ionic liquid solution (40 mM) to 2,5 ml of HAuCl4 solution 
(5 mM). Reduction of Au(III) to Au(I) was done by addition of 30 µl of ascorbic acid 
solution (1 M). Finally, nanoparticle growth was induced with 12 µl of the 
corresponding seed. 
Nanoparticle synthesis in [EMIM][ES]. A growth solution was prepared by addition 
of 30 µL of ascorbic acid (1 M in ionic liquid) to 2,5 mL solution of HAuCl4 (5 mM in 
ionic liquid). Ag(I) was introduced into the growth solution by addition of 0; 12,5; 25; 
and 50 µL of AgNO3 (40 mM in [EMIM][ES]) to 2.5 mL of the Au(I) solution, 
corresponding to molar ratios of xAg=c(Ag(I))/c(Au(I))=0; 0,04; 0,08; and 0,16; 
respectively. In order to induce rod formation 12 µL of the seed solution was added to 
the secondary-growth solution under vigorous stirring at 25°C.  
Instrumentation. UV/Vis spectroscopy was performed using a CARY 500 
spectrophotometer and a Shimadzu UV-Vis-spectrophotometer UV160A. 
Transmission electron microscopy (TEM) was performed using a JEOL 2000 FX 
microscope operating at 200 kV and a Zeiss Libra®120 transmission electron 
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microscope with an accelerating voltage of 120 kV. Specimen preparation was by 
drop-casting tenfold-diluted particle solutions on amorphous carbon-coated or 
formvar-carbon-coated copper grids. High-resolution TEM was performed using a 
Philips Tecnai microscope operating at 200 kV. 
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8. Alternatives to linear PEO Coating for the 
Biocompatibilization of Gold Nanorods  
 
8.1 Introduction 
The unique optical properties of gold nanoparticles (AuNP) in combination with the 
low cytotoxicity and biocompatibility of gold has fueled research in their synthesis and 
development of formulations for biomedical applications for more than 90 years,[1] 
and their importance in pharmaceutical approaches is expected to increase further in 
the next decades.[2] Besides the classical spherical shape[3], AuNP nowadays are 
synthesized in various shapes. The tuneable, near infrared (NIR) plasmon resonance 
of rod-like gold nanocrystals has opened new possibilities in the field of photo-
thermal therapy, which use the rods’ ability to convert NIR-radiation into heat to tag 
and destroy selected cells.[4] However, a fundamental problem in the realization of 
these technologies lies in the need for cytotoxic capping agents (e.g. CTAB), which 
are necessary in order to induce anisotropic particle growth in aqueous solution.[5,6] 
One possible strategy for biocompatibilization is the quantitative separation and 
replacement of CTAB with suitable non-toxic ligands. For this purpose, polymeric 
compounds such as poly(ethylene oxide) (PEO) based molecules are promising 
candidates. Due to their hydrophilicity and neutral charge, PEO shows almost no 
interactions with proteins and cells, which is why modifying bioactive moieties with 
PEO leads to prevention of their recognition by the immune system and makes 
longer circulation times in the blood possible. PEO coating systems are well-known 
for their biocompatibility and have been used extensively to create surfaces which 
resist non-specific protein adsorption and cell adhesion. Thus, many examples in 
literature deal with the biocompatibilization of nanoparticles using grafting of linear 
PEO.[7-9] 
An important factor for preparing effective coatings is a high density of PEO polymer 
chains on a surface. This is often hard to achieve for linear grafted PEO, since each 
chain at the particle surface forms a steric barrier for other adsorbing chains. Another 
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strategy to obtain high surface density of polymer chains relies on the generation of 
multiple adhesion points in one polmyer chain to the nanoparticle surface. This 
makes multifunctional polymers like polyglycidols an interesting alternative to the 
PEO-ligand system. This class of linear polyethers shows similar biocompatibility to 
PEO[10], and – like the star-shape – the free hydroxy groups along the polymer 
chain allow the introduction of additional functionality. To maximize the chain 
segment density, recently a new system using star-shaped PEO-based polymers 
(sP(EO-stat-PO)) has been introduced. Due to the compact structure of the star-
shape higher grafting densities on flat surfaces could be achieved, which led to 
superior efficiency in preventing protein adsorption and cell adhesion on planar 
surfaces.[11]  
Because of the stable gold-sulphur bond, thiol-functionalized compounds are 
promising candidates for the coating of gold surfaces. Therefore, coating of gold 
nanorods with thiomers should be straight forward. However, in contrast to spherical 
nanoparticles, which are often stabilized by relatively labil layers of ionic capping 
agents (e.g. citrate stabilized nanoparticles immediately aggregate upon addition of 
salt), the stabilization of gold nanorods with CTAB is relatively stable. The addition of 
salts for example does not affect their stability. Therefore, a method needs to be 
established by which complete removal of CTAB can be verified. In the literature, 
different biocompatible, water soluble coatings of gold nanorods have been reported 
recently, including polyelectrotrolyte layer-by-layer coatings or linear PEO.[7-9,12-15] 
Only in few instances, multifunctional or branched capping agents were applied to 
make biocompatibilization and functionalization more efficient.[16] An issue in many 
cases is the analysis of the coating procedure. There is no standard analytical 
method to determine whether ligand exchange was successful. Methods range from 
(semi)quantitative IR or zetapotential measurements[14,17] to indirect or non-
quantitative methods such as UV-Vis spectroscopy, biological or chemical behaviour 
of particles etc.[13,18-22] Thus, the actual efficiency of coating procedures is difficult 
to evaluate.  
 
This chapter concerns the comparison of several macromolecular approaches for the 
generation of biocompatible and functional ligands based on PEO. Linear PEOs 
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bearing methoxy-, hydroxy-, carboxy-, amino-endgroups as well as star-shaped 
polymers with –SH and –OH endgroups and a random copolymer as backbone 
comprised of 80% ethylene oxide (EO) and 20% propylene oxide (PO) were studied. 
In addition, PEO-modified acrylate based polymers and polyglycidols (PG) with 
pendant thiol groups as coating material were investigated. Coating of the nanorods 
and complete removal of CTAB was proven by (semi)quantitative zetapotential 
measurements and visualized by TEM staining experiments. Cell culture experiments 
demonstrating the impact of the particle stabilization on the interaction with cells will 
be presented in Chapter 10.  
 
8.2 Results and Discussion 
As a first step in this work, gold nanorods were coated with polydisperse molecules 
bearing thiol groups beside a second functionality (Scheme 8.1). In order to establish 
and optimize the coating procedure, the first class of polymers tested were linear, 
functional PEOs, which are well-known as biological coating systems. Then, to 
increase the overall amount of functional groups in the coating, multifunctional 
polymers such as polyglycidols or branched, i.e. star-shaped and graft polymers 
were investigated. Success of the coating process was checked by analyzing the 
surface potential of nanorods. Additionally, nanorod stability (i.e. stability against 
aggregation and shape changes) was evaluated via UV-Vis spectroscopy and 
transmission electron microscopy (TEM) combined with staining experiments to 
visualize polymer coatings.  
Gold nanorods (AuNR) were synthesized by Ag(I) assisted seeded growth[5,6] 
followed by purification and concentration using centrifugation. Usually, nanorods 
with a longitudinal plasmon resonance peak of between 700 and 800 nm were used 
as determined by UV-Vis spectroscopy. Overall appearance and homogeneity of the 
particles was checked by TEM. 
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Scheme 8.1 Polymers which will be applied to gold nanorods. 
 
After synthesis, AuNR are stabilized by CTAB. In a first step, a suitable exchange 
procedure which leads to complete replacement of CTAB and a suitable detection 
method had to be determined. Overall changes in nanorod aspect ratio and yield 
were checked by UV-Vis spectroscopy. Although the plasmon resonance of gold 
nanoparticles also depends on their surface chemistry and therefore a change in 
capping agent should be detectable via this method, the effect is too small to give 
reliable proof. Therefore ligand exchange and coating of AuNR with the polymeric 
compounds was characterized by means of zetapotential measurements and 
visualized by TEM via staining with phosphotungstic acid. Zetapotential 
measurements were carried out before and after polymer coating of the particles. 
Due to the positive charge of the CTA+ ions, purified AuNR solutions before ligand 
exchange exhibit a strongly positive surface potential of about +50 mV. After ligand 
exchange and purification, the zetapotential of AuNR solutions should change 
significantly depending on the functional groups of the polymers. In order to optimize 
the exchange protocol, a commercially available 3 kDa α,ω-bifunctional PEO bearing 
a thiol and an alcohol group (HS-PEO-OH) was chosen as model system, since the 
change in zetapotential should be easily discernable (from positive to neutral). 
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Establishing a coating procedure with HS-PEO-OH 
Thiol groups exhibit a strong affinity to gold and coating procedures for spherical gold 
nanoparticle are usually very mild,[23-25] therefore to coat nanorods with HS-PEO-
OH an exchange protocol with mild reaction conditions was applied. As-synthesized 
gold nanorods were freed from excess CTAB by centrifugation and treated with an 
aqueous, 2 mM HS-PEO-OH solution. The mixture was stirred for 26h and again 
excess ligand was removed by centrifugation. This cycle was repeated a second 
time. Before PEO treatment, purified CTAB coated nanorods exhibited a positive 
surface potential of +45,9 mV (deviation = 7,79 mV). After PEO treatment of the 
nanorods, as described above, a broad peak at a zetapotential of approximately 
+10 mV was obtained, indicating that a certain amount but not all of the CTAB could 
be exchanged against PEO. 
In order to achieve complete removal of CTAB harsher conditions have to be chosen. 
Therefore a literature protocol used for the exchange of CTAB against alkyl thiols[18] 
was adapted to the exchange against PEO. In this protocol, elevated temperatures 
(30-60°C), ultrasound treatment, and addition of ethanol is used to aid CTAB 
removal. Furthermore, after the reaction and prior to purification by centrifugation 
CTAB is removed by extraction with chloroform. Application of this protocoll to CTAB 
stabilized nanorod solutions in the absence of thio-polymers indeed showed 
agglomeration of the particles, indicating the destabilization of the surfactant bilayer 
around the particles through this process. After ligand exchange against 
HS-PEO-OH, stable nanoparticle solutions were obtained and UV-Vis spectroscopy 
corroborated the presence of nanorods in the expected range of aspect ratio and 
yield. Zetapotential measurements gave surface potential values of approximately 
-6,15 mV (deviation: 12,5 mV), which can be interpreted as neutral. The peak is often 
broad or exhibits a slightly irregular shape, but its value at the peak maximum is 
always negative, therefore corroborating complete removal of the positively charged 
CTAB. A typical spectra is shown in Figure 8.1.  
 Chapter 8  
 136
0
50000
100000
150000
200000
250000
300000
350000
-200 -100 0 100 200
Zetapotential / mV
In
te
ns
ity
0
50000
100000
150000
200000
250000
300000
-200 -100 0 100 200
Zetapotential / mV
In
te
ns
ity
 
Figure 8.1 Zetapotential curves of nanorod samples a) coated with CTAB (blue, continuous line) and 
HS-PEO3000-OH (red, dashed line); b) reproducibility of results.  
 
In addition to zetapotential, the PEO coating was visualized by TEM through staining 
with phosphotungstic acid. As depicted in Figure 8.2 staining of the purified PEO 
AuNR samples shows a homogeneous thin polymer layer with a width of 4 nm. 
Staining of CTAB-coated AuNR did not result in defined contrast enhancement of the 
coating, since the hydrophobic CTAB layer lacks interaction possibilities for the polar 
phosphotungstic acid. The increased staining of the background when compared to 
thio-functional polymers (as observed in Figure 8.2a) is probably due to the fact that 
complete removal of free CTAB is not possible. Because of the lower binding 
strength of the surfactant to the nanoparticle surface, readjustment of the equilibrium 
between free and bound CTAB takes place whenever free CTAB is removed. Thus, 
the free surfactant is always regenerated until particle aggregation takes place. The 
resulting surfactant layers on the TEM grid will thus be stained to a similar extent as 
the particle-stabilizing layer. 
 
Figure 8.2 Staining of a) CTAB coated and b) HS-PEO-OH coated AuNR. 
 
a b
ba 
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With the PEO layer thickness of 4 nm in the dry state the grafting density of the linear 
PEO on the AuNR can be estimated. In a good solvent single polymer chains that are 
grafted to a solid surface with one end of the polymer chain occupy roughly a half-
sphere with a radius comparable to the Flory-radius for a random coil, RF ≈ a N3/5, 
where a denotes the linear size of the monomer unit, and N the number of segments 
in the chain.[26] At grafting densities at which the surface area per chain, L2, with L 
being the average distance between next neighbours, becomes smaller than RF2, 
individual chains start to overlap and the polymers begin to interact. This overlap 
criterion defines the so called mushroom-to-brush transition in which the chains 
stretch out perpendicular to the surface. Only in the brush regime do the attached 
polymer chains provide an effective steric barrier against protein adsorption.[27,28] If 
an average monomer length for PEO of 3 Å is assumed as value that is closer to 
2,78 Å for PEO in the optimally hydrated helical conformation, in contrast to 3,58 Å 
for all-trans conformation in the fully stretched crystalline form,[29] RF = 3,77 nm for 3 
kDa PEO is obtained. This assumption is based on the incubation time during ligand 
exchange that is not sufficient to yield crystalline-like all-trans packed PEO SAMs 
[30] and on the curvature of the nanoparticles that additionally hinders this crystal-like 
packing. With the dry height of the polymer coating, h, and the molecular mass, M, of 
the polymer, the grafting density for the linear PEO brush, defined as σLin = (a/L)2, 
can according to Sofia and colleagues[31] be estimated as: 
     
Here, ρdry is the density of the dry PEO layer (typically 1 g/1021 nm3), and NA is 
Avogadro’s number. This yields a grafting density of 0,072 for the linear PEO, which 
corresponds to 0,8 chains/nm2. Even the estimate for the lower bound of the grafting 
density (0,56 chains/nm2 obtained with a = 3,58 Å) suggests our system to be a 
dense brush that lies above the critical value of 0,5 chains/nm2 that has been 
identified as threshold value for minimization of protein adsorption in self-assembled 
monolayers on gold.[32] This high grafting density that is reached on the particles 
can be explained by the curvature of the nanoparticles which allows the PEO chains 
to occupy a cone like volume segment in the coating in contrast to a cylinder-like 
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volume segment for planar surfaces. As a result, the sterical restriction during the 
grafting process is lower and higher grafting densities can be reached easier. 
 
Coating with functional, linear PEOs 
Since the coating of nanorods with HS-PEO-OH was succesful according to 
zetapotential and UV-Vis measurements as well as TEM, the protocol was tested for 
other linear PEO-polymers with functional endgroups, so that subsequent 
biofunctionalization is facilitated. In the case of linear amino-functionalized PEO with 
a molecular weight of 3000 (HS-PEO-NH2•HCl), coating was succesful and straight-
forward. Stable solutions were obtained and UV-Vis spectroscopy proved the 
presence of high yields of nanorods. As depicted in Figure 8.3a, zetasizer 
measurements gave a positive surface potential of +20,2 mV (deviation: 4,95 mV), 
which is expected due to protonation of the amino group at a pH of 4. The spectrum 
shows a single, sharp peak with a low width. TEM images (Figure 8.3b) after staining 
show a regular polymer shell around the particles with a diameter of approx. 4.5 nm. 
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Figure 8.3 a) Zetapotential curve of nanorod samples coated with HS-PEO-NH2 and b) TEM image 
after staining with phosphotungstic acid. 
 
Next to the pure HS-PEO-NH2 coating, also a mixed system with 5 mol% amino- and 
95 mol% hydroxy-PEO was tested. As the pure coating, the mixed one also yielded a 
stable nanorod solution as determined from UV-Vis spectroscopy. Surprisingly, the 
zetapotential spectrum exhibited two peaks (Figure 8.4): one at approx. +20 mV 
(70% of area) and one around 0 mV (30% of area). It is likely, that this splitting is an 
artefact of the analytical program due to inhomogenities within the solution 
(nanorods, nanospheres, polymer aggregates). However, a phase seperation of the 
a 
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amino- and the hydroxy-functional PEOs or a preferential adsorption of one of the 
PEOs on the gold surface cannot be excluded. Therefore, if a defined surface 
modification of nanorods is required, the HS-PEO-NH2 / HS-PEO-OH coating is not 
an ideal system and the pure coating should be preferred. 
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Figure 8.4 Zetapotential curves of AuNR coated with a mixed ligand system (5 mol% HS-PEO-NH2, 
95 mol% HS-PEO-OH). 
 
Coating of nanorods was also done with α-carboxy-ω-thio linear PEO with a 
molecular weight of 3000 (HS-PEO-COOH). This compound proved to be more 
challenging, since treatment with HS-PEO-COOH in a concentration range between 
0,4 and 0,04 mM in the ultrasonic bath led to aggregation and adsorption of gold to 
glass as well as plastic walls of reaction vessels for acidic as well as basic conditions 
(Figure 8.5). Thus, the loss of nanorod yield during the exchange reaction and 
subsequent handling  was very high. 
 
Figure 8.5 Adsorption of gold on a polypropylene-reaction vessel after ligand exchange through 
ultrasonic treatment. 
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Performing the exchange in an already “gold-coated” reaction vessel didn’t lead to 
further loss of nanoparticles due to adsorption. This allows the conclusion, that the 
formation of the coloured film is a surface wetting effect and is not due to aggregation 
of nanorods. However, handling of the solution was still not possible without loss of 
nanoparticles, therefore in the next step additives that should prevent adsorption 
were tested. Addition of Triton TX100, a commercial PEO-based non-ionic surfactant, 
indeed led to reduced deposition of gold. However, during extraction of free CTAB 
with chloroform, the surfactant caused transfer of the gold nanoparticles into the 
organic phase, thus making this purification procedure impossible. As a second 
additive, NaCl was tested since addition of salt can change aggregation behaviour 
and solution properties of polymers and can screen ionic interactions. Indeed, by 
adding NaCl in final concentrations above 0,45 wt%, adsorption of gold could be 
prevented. Stable nanoparticle solutions were obtained with only minor particle 
losses during extraction with chloroform. However, the presence of salt screens the 
charge on the nanoparticle surface, leading to neutral surface potentials and very 
broad deviances in zetapotential measurements. In order to overcome this problem, 
the mixed ligand system HS-PEO-COOH / HS-PEO-OH with acid portions of 1 to 
50 mol% was investigated. Acidic groups in concentrations as low as 5% still 
required the presence of salt to be stable, but 1% of acid groups could be stabilized 
in pure water. After purification, zetapotential measurements of the solution was 
determined and a single sharp peak at approx. -23,2 mV (deviation: 5,04 mV) proved 
successful ligand exchange (Figure 8.6a). This result suggests that ligand exchange 
was also successful for coatings with higher acid content. Additionally, the polymer 
layer could be visualized by staining with phosphotungstic acid (d approx. 4 nm, 
Figure 8.6b). 
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Figure 8.6 a) Zetapotential curves for AuNR coated with a mixed ligand system containing 1 mol% 
HS-PEO-COOH and 99 mol% HS-PEO-OH, b) TEM image of the pure HS-PEO-COOH coating after 
staining with phosphotungstic acid. 
 
Coating with multifunctional polymers 
An alternative to linear PEO are branched analoga. Due to the higher polymer 
segment density, equal to superior protein repellent properties in combination with 
higher density of functionality could be achieved.[11] In this work, 12 kDa six armed 
star-shaped polymers with a randomly copolymerized backbone of ethylene oxide 
and propylene oxide bearing hydroxy and thiol-endgroups (HS-sP(EO-stat-PO)) were 
used for coating of gold nanorods.  The ratio of hydroxyl- to thiol-groups in the six 
arm star polymer was chosen to be approximately 2:1 which was confirmed by 
analysis with Ellmann’s reagent.[33a] Coating of nanorods in bidistilled water under 
ultrasonic treatment gave stable particle solutions and UV-Vis spectroscopy 
confirmed the presence of nanorods in good yields and aspect ratios. Zetapotential 
curves showed a single, narrow peak at neutral potentials (-3,34 mV, deviation: 3,91 
mV, see Figure 8.7a). However, staining of the polymer layer was not  possible. No 
defined layers around the nanoparticles could be observed, instead grey areas 
around the rods were diffuse and uneven (Figure 8.7b). It is possible that the more 
hydrophobic character of the HS-sP(EO-stat-PO) in comparison to pure PEO is a 
less favorable host environment for the depostion of the staining reagent, leading to 
less defined structures. Another possible explanation is the tendency of sP(EO-stat-
PO) to form aggregates / particles, which might not be as easily separated by 
centrifugation. Remaining excess of free HS-sP(EO-stat-PO) would then lead to a 
strong “staining background” that makes visualization of the actual particle-bound 
stabilization layer difficult. 
a 
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Figure 8.7 a) Zetapotential curves for AuNR coated HS-sP(EO-stat-PO), b) TEM image after staining 
with phosphotungstic acid. 
 
Another possibility to obtain densely grafted polymer coatings with high functionality 
is the application of macromolecules with functional side chains. As a model 
compound, a polyacrylate with thiol pendant groups (20,6 mol%) and PEO grafts 
(79,4 mol%) with a molecular weight of Mn = 38 000 (Mw/Mn = 2,6) was applied.[33b] 
The structure is shown in Figure 8.8. 
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Figure 8.8 Structure of the modified polyacrylate used for coating of gold nanorods. 
 
After ligand exchange, a stable nanorod solution was obtained, which was 
corroborated by UV-Vis spectroscopy and TEM (Figure 8.9a). Zetapotential 
measurements exhibit a narrow peak at slightly negative potentials (-7,17 mV, 
deviation: 5,36 mV, Figure 8.9b), indicating successful coating of nanorods. 
However, staining experiments did not show a defined polymer layer; only cloudlike 
contrasting around nanorods was observed. This is probably due to similar reasons 
a b
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as in the case of HS-sP(EO-stat-PO), where the lower hydrophilicity of the coating 
allowed less interactions between the staining agent and the polymer.  
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Figure 8.9 a) TEM image of well dispersed AuNR coated with the modified polyacrylate and b) 
zetapotential curves.  
 
In order to exploit the advantage of multifunctionality of the polyacrylate, reactive 
carboxy groups (7,7 mol%) were introduced into the polymer next to the already 
existing PEO (70,1 mol%) and thiol (22,2 mol%) bearing side chains, so that the 
prerequisite for subsequent functionalization is fulfilled. Application of this polymer to 
the ligand exchange procedure yielded a stable nanorod solution and UV-Vis 
spectroscopy corroborated the presence of high yields of nanorods. Zetapotential 
values of the solution were similar but slightly more negative than without acid 
functionalities (-9,84 mV, deviation: 4,15 mV), proving successful removal of CTAB 
and coating with the modified polyacrylate. In the following chapter, functionalization 
of such nanorods will be discussed. 
In summary, coating of gold nanorods with high molecular weight polyacrylates 
bearing thiol groups and PEO grafts with or without pendant carboxy groups can 
readily be performed, yielding stable particle solutions.  
 
An alternative to PEO for the preparation of biocompatible AuNR with a stealth 
character are polyglycidols. This class of polymers shows very good biocompatibility 
both in vitro and in vivo assays, behaving equal or better than PEO [10] combined 
with a higher density of functional groups which can be used for biofunctionalization 
(structure shown in Figure 8.10).  
b
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Figure 8.10 Molecular structure of thiol-functionalized polyglycidols as used in this work. 
 
In a first step, a thiol-functionalized, low molecular weight polyglycidol (Mn = 900, 
Mw/Mn = 1,03) was used to coat gold nanorods.[33c] However, treatment with 
concentrations between 1 to 5 mM all led to precipitation of gold, which quickly 
settled again after resuspension. TEM images corroborate the presence of 
aggregates of gold nanorods and nanospheres (Figure 8.11a). 
  
Figure 8.11 TEM image after ligand exchange a) with PG900 showing large aggregates next to a few 
single nanorods (concentration of polymer: 2,3 mM) and b) with PG6000 (concentration of polymer:  0,8 
mM) after staining with phosphotungstic acid.  
 
A reason for the lack of stability might be the low molecular weight of the polymer. 
Trying to coat nanorods with a HS-PEO-OMe with a similarly low molecular weight of 
750 also didn’t lead to stable nanoparticle solutions. Therefore, polyglycidol (PG) with 
a molecular weight of 6000 was investigated as coating material. Polymer 
concentrations of 0,2 to 1 mM in the reaction mixture led to homogeneous nanorod 
solutions directly after exchange. Zetapotential measurements for all solutions are 
given in Table 8.1. Unexpected is the positive zetapotential for polyglycidol. An 
explanation could be polymer-associated acid which could bind to the free hydroxy 
groups through hydrogen bonds.  
a b 
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Table 8.1 Zetapotential of polyglycidol coated AuNR and pure aqueous polyglycidol solution. 
Sample Zetapotential [mV] Deviation [mV] 
0,2 mM PG in reaction 
solution -6,66 3,70 
0,4 mM PG in reaction 
solution +18,1 6,79 
1 mM PG in reaction 
solution +47,8 7,92 
2,6 mM pure PG solution +22,0 3,82 
 
The negative zetapotential for the lowest polymer concentration proves removal of 
CTAB, but suggests poor stabilization by PG. This is corroborated by onsetting 
agglomeration after two days. Higher PG concentrations lead to higher zetapotentials 
of the particles, suggesting better stabilization of the rods by the PG. TEM imaging 
after staining with phosphotungstic acid shows the polymeric layer around the rods, 
but the coating appears uneven (Figure 8.11b). After approximately one week, also 
the nanorod solutions with higher polymer content start to aggregate, proving poor 
stabilization properties of PG used here.  
A reason for the low stability could be the high required space of the substituents 
along the polyether chain, leading to a lower grafting density of the polymer on the 
particle surface. The addition of a small secondary ligand to increase the grafting 
density could be helpful. Therefore a mixed ligand system consisting of 69 mol% PG 
and 31 mol% HS-PEO750-OMe was tested, however, also in this case agglomeration 
of the particles occurred after a week. In order to obtain a stable coating, it might be 
necessary to use different molecular weights or different mixed ligand systems. 
 
8.3 Conclusions 
In summary, complete removal of the cytotoxic surfactant CTAB from AuNR is 
possible without loss of the anisotropic shape for a variety of thiolated polymers as 
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proved by UV-Vis spectroscopy, zetapotentials measurements and staining 
experiments combined with TEM. For this the fact that the CTAB-Au-bond is not 
stable under the exchange conditions is exploited. Successful coating was possible 
using linear hydroxy-, carboxy- and amino-functional PEO (Mn = 3000), where stable 
carboxy-PEO coating necessitated the presence of NaCl. Other polymeric thiol-
functionalized ligands include a 6-armed, star-shaped HS-sP(EO-stat-PO) and a 
PEO-modified thio-polyacrylate. Due to their low stabilization properties and / or low 
packing density, low molecular weight polymers (e.g. HS-PEO750-OMe) and 
polyglycidols until now have proved unsuitable as coating material. In the case of 
polyglycidols, a careful choice of molecular weight or mixing with a secondary 
stabilizer might increase nanorod stability. 
In order to obtain biofunctional nanoparticles, biocompatibilization is just a first step. 
Introduction of biomolecules into the coating layer, which should give rise to particles 
with biological activity, will be discussed in the following chapter. 
 
8.4 Materials and Methods 
Materials  
Tetrachloroauric(III)acid monohydrat (≈52% Au), phosphotungstic acid and CTAB 
were obtained from Fluka. Silver nitrate, L-(+) ascorbic acid and sodium borohydride 
were taken from Aldrich and PEO polymers from Iris Biotech. Six-armed star-shaped 
HS-sP(EO-stat-PO) (Mn=12000 g/mol, 2xSH, 4xOH) and polyglycidol (Mn=900 and 
6000 g/mol) were available in the working group.[33] Sodium chloride was obtained 
from KMF. If not stated otherwise, all reagents were used without further purification. 
For all synthesis bidistilled Wasser was used (Seralwasseranlage: Elga Purelab Ultra 
Plus UV).  
Nanorod preparation 
Nanorods were prepared via a seed mediated growth procedure.[6] A growth solution 
was prepared by dissolving silver nitrate (0,01 mM), CTAB (0,08 M) and hydrogen 
tetrachloroauric(III) acid (0,42 mM) in bidistilled water followed by stirring at room 
temperature. The orange solution turned colorless upon addition of ascorbic acid (0,5 
 Chapter 8  
 147
mM). A seed solution was prepared by dissolving CTAB (0,1 M) and hydrogen 
tetrachloroauric(III) acid (0,24 mM) in bidistilled water. Under vigorous stirring freshly 
prepared, ice-cold, aqueous sodium borohydride solution (0,6 mM) was added and 
the solution turned from orange to yellow-brown. The seed solution (12 µL) was 
added to the growth solution (10 mL) to start nanorod growth and was used 15 min 
after preparation. Nanorods were purified by two cycles of centrifugation, removal of 
the supernatant and redispersion in PBS or bidistilled water (11 000 rpm, 20 min).  
PEO ligand exchange 
PEO modification was done based on a previously published protocol for the coating 
of CTAB-capped gold nanorods with alkanethiols.[18] The purified nanorods were 
diluted in bidistilled water (1:5). 1 ml of 2,5 mM ethanolic polymer solution was added 
and the solution was kept in an ultrasonic bath for 30 min at 60°C and for 3,5 h at 
40°C. Afterwards, CTAB was removed by extraction with chloroform followed by 
centrifugation (9000 rpm, 10 min). The concentrated nanorod solution was diluted 
with bidistilled water, 0,9 wt% isotonic NaCl solution or PBS buffer to the desired 
concentration. 
Methods 
Centrifugation of nanorod samples was done using Centrifuge S810 from Eppendorf. 
A UV-Vis spectrophotometer UV160A from Shimadzu was used for aquiring optical 
spectra. Zetapotential was measured using a Zetasizer Nano Z from Malvern 
Instruments. Measurements were repeated three times to check the results. 
Exceptions were CTAB-coated samples, which lead to corrosion of the electrodes 
upon prolonged exposure. Therefore, such measurements were only performed 
once. Transmission electron microscopy images were taken with a Zeiss Libra 120 
TEM with an accelerating voltage of 120kV. Samples were prepared by putting a 
drop of the nanoparticle solution on a formvar / carbon coated copper TEM grid and 
letting the solution evaporate. Staining was done using a 2 wt% phosphotungstic acid 
solution in water. 30 µl of nanorod solution was put on a formvar / carbon coated 
TEM grid. After 30 s the droplet was removed and to the wet grid 9 µl of the staining 
solution was added. After another 30 s the droplet was removed again and the 
sample was dried at room temperature. 
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9. Biofunctionalization of Gold Nanorods  
 
9.1 Introduction 
One of the most extensively exploited properties of gold nanorods are their 
extraordinary optical properties.[1-3] In the biomedical field, it is investigated for 
analytical as well as therapeutic applications.[2,4,5] Studies have shown that tissue 
exhibits the highest optical transparency in a wavelength region of approximately 
800 nm, allowing penetration depths of around 1 cm without damage to the irradiated 
tissue.[6,7] This enables the utilization of the nanoparticle optical absorption in this 
region for therapeutic treatments such as photo-thermal hyperthermia.[4-10] The 
concept of this treatment is the (targeted) delivery and binding of gold nanoparticles 
to diseased cells or tissues, irradiation with medically harmless near IR radiation 
which leads to absorption of the light by the nanoparticles and conversion into heat. 
This heat is extremely short-ranged and selectively kills tagged cells. Temperature 
elevation above 40°C is already sufficient for the denaturation of cell proteins and 
thus cell death is induced.[11-13] Particles which proved suitable are gold nanorods 
and gold nanoshells; both structures allow the tuning of their plasmon band in a 
certain wavelength range around 800 nm through control of their structural 
dimensions.[9,10,14-17]   
In order to exert the therapeutic effect in such a complex environment as the human 
body, several basic requirements have to be fulfilled. Firstly, particles need to be 
non-toxic and biocompatible. Confronted with the human immune system, particles 
are usually recognized as foreign materials and are quickly cleared from the blood 
stream, thus limiting the number of particles that can reach their target site. In order 
to completely inhibit or at least suppress this response and thus increase blood 
circulation time, the surface of particles needs to be modified so that particles are 
invisible to uptake and clearence mechanisms. This can be achieved by coating of 
the nanostructures with polymers, e.g. with polyethylene oxide (PEO).[18] The 
procedure of polymer coating and its effect in a biological environment is discussed 
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in detail in chapters 8 and 10. Such particles cannot be actively targeted to a desired 
cell type or tissue, but they can still be used through passive transport. In this case, 
targeting in nanoenabled hyperthermia treatment is done by using a focused laser 
beam. Additionally, untargeted nanoparticles have been shown to accumulate in 
tumor sites, since the blood vessles in their vicinity are leaky so that more particles 
can diffuse out and deposit in this area.[9,19] Nevertheless, active targeting of 
particles is highly desirable since their dosage could be lowered for equal therapeutic 
effects and less adverse reactions would be expected due to unspecific 
accumulations or interactions of particles in the body. Which kind of functionalization 
is desirable strongly depends on the application. In case of a medical use, especially 
the targeted cell type but also the form of application (local or via the blood stream) 
determines the bioactive compounds necessary for fast and selective binding. 
Especially selectivity usually has to be optimised through trial and error.  
Several in vitro and some in vivo studies in mice have been performed for different 
nanorod systems. A popular choice for biofunctional ligands are antibodies, since 
they bind specifically to cells presenting their corresponding antigen, making 
targeting of certain cell types straight-forward. Additionally, they are usually highly 
functional, among others containing large numbers of carboxy and amine groups, so 
that they can be easily coupled through electrostatic interactions or by well-known 
coupling protocols like EDC/NHS (1-ethyl-3-(3-dimethylaminopropyl)carbodiimid, 
N-hydroxysuccinimid) chemistry. Several studies have shown, that antibody-
conjugated gold nanorods can be used to selectively bind certain cell types in vitro 
and in vivo and destruction of tagged cells via photo-induced hyperthermia is 
possible.[20-22] However, problems of this approach might be twofold. Firstly, 
antibodies are very large molecules bearing high numbers of reactive groups. Thus 
they are often structurally not well understood, so that binding to gold nanoparticles 
electrostatically or covalently is rather ill-defined and samples tend to be non-uniform 
in structure and therefore also in biological activity. Also, due to the large size of 
antibodies, the distance between nanorods and bound cells can be quite large, 
making the heating and killing of cells during hyperthermia less effective.  
A different approach is the binding of aptamers (short, single-stranded DNA or RNA 
oligonucleotides, which can bind specific molecules due to their 3D structure) or short 
peptides to the gold nanorod surface.[23-26] Also in these cases, in vitro studies 
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proved that nanorods can be bound specifically to certain types of cells (mainly 
cancer cell lines) and hyperthermic cell elimination was possible. In few instances, 
also other functionalities were introduced into the nanorod coating in order to 
increase selectivity for the attachment to a specific cell type. An example is folate 
modification of gold nanorods, which led to enrichment of the particles on the 
membranes of a tumor cell line. Subsequent near IR laser irradiation led to the 
targeted destruction of the tumor cells through nanoenabled hyperthermia.[4]  
Finally, biotinylation of nanorods has been described in the literature.[27,28] Biotin is 
a vitamin, which is well known in biotechnology since it binds tightly to the proteins 
avidin and streptavidin. This bond is one of the strongest known protein-ligand 
interactions, approaching the covalent bond in strength, thus the biotin-streptavidin 
pair is often used for tagging, separation/purification or detection/characterization in 
biochemical assays. The CTAB double layer on the nanorod surface was either 
covered by a poly(acrylic acid) shell through electrostatic interaction and then 
biotinylated[28] or the surfactant was removed and exchanged against PEO, followed 
by biotinylation[27]. In both cases, attachment of biotin was successfully proven by 
and used for controlled assembly through addition of streptavidin. 
A general problem of all biofunctionalization approaches is the poor characterization 
of biofunctional gold nanorods. Not only do the systems vary significantly when it 
comes to their structural build-up (CTAB removal and replacement vs. polyelectrolyte 
coating of CTAB, electrostatic vs. covalent binding of biofunctional moieties, direct 
binding of bioligand to nanoparticle surface with vs. without polymeric co-ligand, 
binding of bioligand to nanoparticle surface vs. binding to polymeric layer, type of 
polymer layer), but also the quality and quantity of biomolecule binding are in most 
cases not determined prior to biological testing or in the case of biotin prior to 
assembly through streptavidin.[4,20-23,27,28] In nearly all cases, biomolecule 
attachment to nanorods is only proven by studying their biological activity. Thus, 
comparison and in-depth evaluation of the results is not possible. Only in few 
instances, chemical analysis was performed to evaluate the success of 
functionalization. For example, zetapotential was used when a dramatic change in 
particle surface charge was expected[24] or ICP-MS was used to detect gold and 
peptide separately within the sample.[25] However, the first method is not always 
applicable, since changes in particle charge are often minor and the second 
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technique cannot directly prove the chemical bond between gold and peptide, but 
relies on complete removal of unbound ligand. Also, surface enhanced Raman 
spectroscopy has been used which is a well-suited and sensitive analytical 
procedure.[26], However, in this study particles contained residual CTAB, which 
might influence biological experiments and therefore compromises reproducibility of 
results. This underlines the importance of careful characterization before subjecting 
nanoparticles to biological tests.  
In this chapter, methods for the efficient preparation of biofunctional gold nanorods 
are presented. Functionalization was done after removal of CTAB and replacement 
with the biocompatible PEO polymer. Different amino acid sequences were applied, 
which should enhance attachment to cells with different specificity, as well as biotin 
as a universally usable tagging system (see Scheme 9.1). Chemical analysis of the 
biofunctional nanorods was done to ensure a well-defined basic material for future in 
vitro tests. 
 
Scheme 9.1 Step-by-step strategy for converting CTAB coated gold nanorods to biocompatible, 
bioactive particles with high binding specificity. 
 
9.2 Results and Discussion 
Biotinylation of gold nanorods 
The preparation of biocompatible gold nanorods with stealth character is an 
important part of biomedical nanorod research, but incorporation of specific biological 
activity is a neccessity, if nanorods are to actively perform a certain task within a 
biological system. For this purpose, biofunctionalization of gold nanorods (AuNR) will 
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be carried out using biotin as a biologically active agent. Biotin is a vitamin (vitamin H 
or B7) and is often used to tag molecules by exploiting its specific binding to the 
proteins streptavidin or avidin.  
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Figure 9.1 Chemical structure of biotin and biotin linkers used in this work. 
 
In order to bind biotin to the nanorod surface, a commercially available, biotin-
containing PEO disulfide (Biotin-PEO1540-SS-PEO1540-Biotin) was tested. Application 
of this compound to the nanorods alone using the previously described ultrasound 
procedure in water and NaCl solution both led to discolouration followed by 
precipitation, i.e. agglomeration of the gold. Therefore, mixed ligand systems were 
checked. Since HS-PEO-OH has proved to be a good stabilizer for AuNR and should 
be inert under the reaction conditions, a mixed system of the biotinylated and the 
hydroxy PEO was investigated. After coating with a ligand system containing 25 
mol% of biotinylated PEO, a stable nanorod solution was obtained. UV-Vis 
spectroscopy showed good nanorod yield and aspect ratios. Zetapotential 
measurements exhibited a single, slightly broader peak, which is typical for coatings 
with HS-PEO-OH (-4,82 mV, Deviation: 14,5 mV, Figure 9.2). 
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Figure 9.2 Zetapotential measurements for AuNR coated with HS-PEO-OH / Biotin-PEO-SS-PEO-
Biotin (disulfide content: 25 mol%). 
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To test if biological activity of the biotin was maintained, the biotinylated AuNR were 
coupled to streptavidin coated latexbeads (d = 1 µm). First, the latex beads were 
purified by centrifugation and redispersion in PBS according to the information of the 
supplier. Then a concentrated nanorod solution was added and the mixture was left 
standing for 1,5 h. Excess free nanorods were removed by centrifugation and the 
samples were analyzed by TEM. To be sure, that no interactions between other 
components of the nanorod solution and the latexbeads distort the observations, 
refence samples were made with CTAB coated and purely PEO coated nanords 
were analyzed as well. As depicted in Figure 9.3 surfactant stabilized nanorods show 
slight adherence to the latex beads, which is probably due to electrostatic 
interactions. In contrast to this, purely PEO coated AuNR show no binding 
independent of their functional end group (tested for hydroxy, amino and acid end 
groups). Due to drying artefacts, nanorods tend to collect preferentially under and 
between particles, however, no binding to the beads’ surface could be observed. 
Unfortunately, also the AuNR after biotinylation showed no interactioins with the 
modified latex beads. Therefore it can be assumed, that the biotin moieties of the 
shorter biotinylated PEO (Mn = 1540) were not accessible within the HS-PEO-OH 
coating (Mn = 3000).  
 
Figure 9.3 Biotin-Streptavidin coupling of a) CTAB coated, b) PEO-coated (exemplarily shown for 
amino PEO) and c) biotinylated AuNR to streptavidin modified latexbeads.  
 
To deal with this problem, a different mixed ligand system consisting of 
HS-PEO750-OMe and Biotin-PEO1540-SS-PEO1540-Biotin was chosen. However, after 
ligand exchange no stable nanorod solution could be obtained independent of 
biotinylated PEO or salt content – probably due to the low molecular weight of the 
polymeric stabilizers and their corresponding low steric stabilization properties. 
a b c
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Since direct funtionalization during coating was not possible, biotinylation was done 
by chemical coupling in a second step after coating. Two different approaches were 
tested. Firstly, carboxy functionalized AuNR were coupled with amino functional 
biotin and secondly, amino functionalized AuNR were coupled to an amino-reactive  
NHS-ester of biotin (chemical structures: see Figure 9.1).  
In both cases, the active ester approach was used.[29] In this approach, the carbonyl 
component must be sufficiently polarised to react with the amino component. This is 
not the case for the free carboxylic acid, therefore polarisation / activation is done by 
addition of the acid to EDC to form an O-acylurea-derivative. In the absence of a 
primary amine complete hydrolysis to the carboxylic acid takes place in only a few 
seconds. By addition of NHS the O-acylurea-derivative is converted to the 
corresponding N-hydroxysuccinimid ester, which activates the carbonyl group 
sufficiently but increases stability against hydrolysis. Subsequent addition of a 
primary amine leads to the formation of the desired amide bond.  
For the first approach, the carboxy funtionalized AuNR are thus activated and 
converted with amino functional biotin. Functionalization of AuNR with a mixed ligand 
system containing 50 mol% of HS-PEO-COOH with equimolar amounts of NHS, EDC 
and biotin did not lead to any interaction between AuNR and latexbeads. However, 
conversion of purely HS-PEO-COOH coated nanorods with a tenfold excess of 
activation agent and biotin-linker showed some binding between AuNR and 
latexbeads (Figure 9.4a). In order to corroborate this result, IR spectroscopy was 
done. Covalent binding of biotin results in a second amide bond per PEO molecule, 
thus changing the ratio of urea to amide groups from 1:1 (in the unbound biotin 
linker) to 1:2 (for the bound biotin linker). As shown in Figure 9.4b, after coupling the 
height of and the area below the signals for amide groups (approx. 1650 cm-1 
amide I, C=O valence vibration and 1555 cm-1 amide II, N-H bending vibration) 
indeed increased  by a factor of roughly 2 compared to the urea signal (approx. 1700 
cm-1). Also, no signal for free acid (approx. 1710 cm-1) was detectable. Thus, it can 
be concluded that the biotinylation of acid functionalized AuNR was successful. 
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Figure 9.4 a) TEM picture after biotin-streptavidin-coupling of biotinylated, HS-PEO-COOH coated 
AuNR and b) IR spectrum of the free biotin linker (pink line) and of biotinylated, HS-PEO-COOH 
coated AuNR (blue line).  
 
The second approach to biotinylation uses a commercially available activated NHS-
ester of biotin, which should bind to amino functionalized AuNR. Purely amino 
functionalized AuNR were converted with 0,5; 1,0; 2,0; and 10,0 equivalents of biotin-
linker. The first three samples were homogenious solutions, only the use of 10 eq. of 
biotin-linker led to a highly viscous, heterogeneous mixture, that could not be 
redissolved and therefore was not analysed by TEM. The other solutions were 
treated with streptavidin modified latex beads and afterwards observed via TEM. In 
all cases definite binding of AuNR to latex beads could be observed. The amount of 
nanorods bound to latex beads increased with the concentration of the biotin-linker 
used, suggesting improved coupling of biotin to the nanorods (Figure 9.5).  
 
Figure 9.5 TEM picture after biotin-streptavidin-coupling of biotinylated, HS-PEO-NH2 coated AuNR 
(exemplarily shown for a) 1,0 eq and b) 2,0 eq. biotin). 
 
 
b 
a 
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Functionalization with amino acid sequences 
Since gold nanorods are discussed for applications involving selective tagging and 
killing of specific cells, the particles have to be equipped with a biological moiety 
which is able to recognize and bind cells. Well-suited for such an approach are amino 
acid sequences. In this work, two sequences with different cell selectivity were 
attached covalently to the PEO coating of gold nanorods: GRGDS (Gly-Arg-Gly-Asp-
Ser) and GLF (Gly-Leu-Phe). The first amino acid derivative contains the RGD 
sequence which is known to promote cell adhesion, while the latter induces the 
specific binding to macrophages.[30] Thus, purely PEO coated nanorods should not 
interact with cells due to their stealth characteristics, introduction of GRGDS should 
lead to cell attachment and GLF to specific binding of particles to macrophages. 
After successful coating of gold nanorods with linear HS-PEO3000-COOH and mixed 
systems of carboxyl- and hydroxyl-terminated linear PEO according to chapter 8, the 
free acid moieties are available for functionalization. Since amino acid sequences 
bear free amine groups, they should therefore be easily attachable to the polymer 
coating through the formation of amide bonds. Therefore, in order to modify nanorods 
with GRGDS and GLF the same EDC/NHS active ester approach was used as 
described for biotinylation. However, to ensure that no polymerization of the amino 
acid sequences takes place, their C-termini were protected by amide groups 
(structures see Figure 9.6).  
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Figure 9.6 GRGDS (left) and GLF (right) with amide protected C-termini as used for bio-
functionalization of PEO coated gold nanorods. 
 
Coupling of GRGDS was performed in 2-morpholino ethylsulfonic acid buffer (MES, 
pH = 6) for nanorods with pure HS-PEO-COOH as well as mixed COOH/OH coatings 
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containing 1-100 mol% of acid functionalities. Nanorod dispersions were treated with 
EDC and NHS and after activation for 15 min, the amino acid compound was added. 
The reaction was left for 24h and then aborted through addition of hydroxyl amine to 
a final concentration of 10 mM.  No changes of the reaction solution could be 
observed – the mixture remained coloured and stable. Purification was done by 
centrifugation and discarding of the supernatant containing residual unbound 
GRGDS. 
As explained before, the identification of biological moieties prior to cell experiments 
is a serious challenge in nanochemistry. Therefore, an analytical tool had to be 
established by which the amount of binding could be measured at least semi-
quantitatively. For this purpose, HPLC proved to be the most promising candidate. In 
a first step, the signal corresponding to nanorod bound GRGDS had to be identified. 
For this purpose, all participating reagents were measured separately as well as in 
mixture. Since the reaction solution might contain residual free PEO molecules next 
to the nanorod bound PEO, both could react with GRGDS. To determine the dilution 
time for free PEO-GRGDS an α,ω-methoxy-carboxy functional PEO (not bearing thiol 
groups which could interfere with the reaction) was functionalized as well and 
measured with HPLC. In order to detect the RGD compound, analysis was done in 
the presence of a fluorescent label (ortho-phthaldialdehyde OPA) which reacts with 
the free amine groups of the arginin amino acid to a fluorescent compound. Thus, 
free as well as bound RGD should be detectable, making conclusion about their 
relative quantities possible. Indeed, peaks could be assigned to unbound and bound 
GRGDS: As expected, free GRGDS leaves the column after slightly shorter dilution 
times than PEO-GRGDS compounds (Δ = 0,2 min). Measurement of particle 
solutions after EDC/NHS coupling and purification all showed the presence of PEO-
GRGDS, however, no additional peak for nanorod bound PEO-GRGDS was 
observed. This could either be due to too high retention times or to fluorescence 
quenching. Especially the latter is quite possible, since it is known that gold 
nanoparticles quench the fluorescence of compounds in their close proximity. To 
eliminate this effect, the ligands have to be removed from the nanoparticle surface 
and measured in a particle free solution. This should be possible with the help of a 
procedure using dithiothreitol (DTT). DTT bears two thiol functionalities and thus is a 
bidentate ligand for gold. Addition of this compound to a thio-PEO stabilized gold 
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nanorod solution should lead to binding of DTT to the rod surface and release of the 
majority of PEO ligands, since multidentate ligands usually produce the more stable 
complexes. However, at the same time, DTT is a small uncharged molecule which 
cannot stabilize gold nanoparticles. Therefore these particles will precipitate and shift 
the equilibrium of the ligand exchange reaction further towards the synthesis of DTT-
coated gold particles. Indeed, treatment with an 0,5M DTT solution in PBS (pH = 7) 
at 37°C for 24h lead to the development of a black gold precipitate and a clear, 
colourless supernatant while a reference gold nanorod solution without DTT 
remained stable (Figure 9.7).  
 
Figure 9.7 Gold nanorod solution after 24h at 37°C in the absence of DTT (right) and after 
agglomeration in the presence of 0,5 M DTT (left). 
 
HPLC measurements were performed with samples before and after treatment with 
DTT. In all cases, a signal for coupled and uncoupled GRGDS could be detected, 
indicating that complete removal of free GRGDS through centrifugation was not 
possible without particle agglomeration. Additionally, as expected the peak intensities 
of conjugated RGD sequence increased significantly when higher functionalization 
degrees were prepared. However, these results must be used with caution, since the 
peak areas for a compound i (Ai) are highly sensitive to exact conditions during 
measurements and thus cannot be used for absolute quantification of the amounts of 
GRGDS. Therefore, in order to judge the success of functionalization the relative 
portion of PEO-bound compared to free GRGDS was determined by calculating the 
ratio R of the areas below the signals for PEO-bound (AboundRGD) to free GRGDS 
(AfreeRGD): 
freeRGD
boundRGD
A
A
R =      (1) 
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The values obtained for R in functionalizations with different GRGDS amounts are 
given in Table 9.1 and Figure 9.8. The results show a strong increase of conjugated 
GRGDS after treatment with DTT, e.g. for 5% of GRGDS in the nanorod coating R 
rises from 0,48 to 0,97. This means, that a significant amount of conjugated GRGDS 
could not be detected prior to DTT treatment, most likely due to quenching of the 
fluorescent tag. However, release of polymer-bound amino acid sequence from the 
nanorod surface via the DTT method was successful as indicated by these results. 
Consequently, the percentage of PEO-conjugated GRGDS can only be detected 
correctly after removal of gold nanorods. 
 
Table 9.1 Ratio R of the signal areas of PEO-bound to free GRGDS before and after treatment of 
nanorod solutions with DTT. 
Sample R before DTT treatment 
R after DTT 
treatment 
5% GRGDS 0,48 0,97 
10% GRGDS 1,23 4,00 
25% GRGDS 2,69 8,47 
 
A second observation is that with rising degree of functionalization, the efficiency of 
the conjugation method seems to improve. While the sample with 5% of GRGDS only 
shows a ratio R of bound to unbound GRGDS of 0,968, 10% of GRGDS gives 
R = 3,998 and 25% of GRGDS even R = 8,465, indicating a strongly enhanced 
amount of conjugation at higher concentrations.  
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Figure 9.8 Graphical representation of HPLC results showing the ratio R of PEO-bound to free 
GRGDS before (blue diamonds) and after DTT treatment (pink squares) for different functionalization 
percentages. 
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This is most probably due to the nature of the EDC / NHS chemistry. At higher 
concentrations of activated acid, the probability that GRGDS encounters and reacts 
with the active ester before it hydrolyzes is greatly increased, leading to higher 
conversion rates. Due to this dilution effect, in a solution with lower concentration of 
activated acid functions hydrolysis of the active ester will take place to a much larger 
extent before reaction with the amino compound can take place, so that a larger 
fraction of unreacted GRGDS remains. 
 
In case of the tripeptide GLF (see Figure 9.6) conjugation to HS-PEO-COOH coated 
gold nanorods was done in analogy to GRGDS. Functionalization degrees of 5-
100 mol% were done using EDC / NHS chemistry. In contrast to GRGDS, 
conjugation of GLF to polymer coated nanorods led to particle aggregation when 
higher concentrations of GLF were used. For 100 mol% tripeptide, complete reddish-
black precipitation of particles was observed which could be redispersed briefly but 
quickly settled again – for lower concentrations (50%, 25%) partial precipitation took 
place, which decreased with declining GLF content. This behaviour is already a 
strong indication of successful functionalization. GLF is a very hydrophobic amino 
acid sequence bearing only alkyl or aryl residues. Attachment of a high amount of 
this tripeptide to the nanorod surface therefore most likely results in a strongly 
hydrophobic surface, limiting the particle solubility in water and thus causing 
precipitation. As expected, this effect diminishes when the percentage of tripeptide 
surface coverage is reduced. No or merely very low amounts of precipitation was 
found in samples containing lower then 25% of GLF. 
As for GRGDS, success of functionalization for GLF was tested with HPLC, however, 
since the conjugated tripeptide doesn’t contain any amino or other reactive functional 
groups, detection could not be performed via a fluorescent tag. Instead the inherent 
fluorescence signal, which comes from the presence of the phenyl ring, was 
exploited. Again, the GLF peak was assigned by preparation and measuring of 
reference samples including HS-PEO-COOH coated nanorods and free MeO-PEO-
GLF (without nanoparticles). Problems arose from the fact that the fluorescence of 
GLF is very weak, making signal detection at low peptide loadings impossible. On the 
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other hand, settling of nanoparticles at high peptide loadings negates HPLC 
measurements of the original particle solutions. Therefore only DTT treated nanorod 
samples with high GLF contents were measured with HPLC. Reference 
measurements of free GLF showed that the free amino acid sequence has a very 
high dilution time, which is close to the detection limit for the method used. The 
gradient method applied for our system only allows dilution times up to approximately 
6 min – above this time, the fluorescence signal of the buffer components start 
occurring and small signals are not detectable any more. Due to the already high 
dilution time of free GLF (approx. 5,7 min), the conjugated form was not detectable 
any more. Conjugation to free MeO-PEO-COOH (without nanoparticles) as well as to 
nanorods with subsequent DTT treatment did not yield a clear signal, which is most 
probably due to a shift of the GLF peak to higher dilution times and overlapping with 
the strong buffer signals. Nevertheless, the formation of a nanoparticle precipitate at 
high GLF percentages and the disappearance of the free GLF signal in HPLC 
measurements points to successful functionalization also for this amino acid 
sequence. 
 
Multifunctional ligands 
A common method to modify surfaces as well as micro- or nanoparticles is 
attachment of linear functional polymers. This has been successfully applied to gold 
nanorods as described in the previous chapter. The use of multifunctional polymers 
like brush- or star-shaped molecules with reactive end groups, however, might prove 
advantageous, since higher degrees of (bio)functionality can be reached. As 
described in the previous chapter, a polyacrylate with thiol (22,2 mol%) and carboxy 
pendant groups (7,7 mol%) and PEO grafts (70,1 mol%) with a molecular weight of 
Mn = 25 300 (Mw/Mn = 2,13). Thus, this polymer shows a brush-like structure from 
which a multifunctional ligand can be prepared by converting the carboxylic acid 
groups via EDC / NHS chemistry. Using the same procedure as described in the 
previous section, carboxy-protected GRGDS was coupled to polyacrylate coated gold 
nanorods so that 100% of all carboxylic acid groups of the coating should be 
converted. After purification via centrifugation, the particle solution remained stable. 
Successful functionalization was tested by HPLC as described previously. 
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Measurement of the particle solution gave a ratio R of the areas below the signals for 
polymer bound to free GRGDS of 5,00. This indicates a successful and efficient 
binding of GRGDS. However, it was not possible to detach the polyacrylate ligand 
from the particle surface by treatment with concentrated DTT solutions; therefore no 
HPLC measurement of a nanoparticle-free solution was possible. Although this 
means that no final conclusion can be drawn as to the real amount of conversion (i.e. 
without quenching of the detected fluorescence signal), the results obtained from 
particle-containing solution suggest efficient biofunctionalization. Additionally, the 
lack of precipitation in the presence of other thiol-bearing ligands (DTT) 
demonstrates the extraordinary stability of these particles when compared to linear 
and also star-shaped PEO (see below) coated rods. This is due to the multiple thiol 
groups per polymer chain, which can all anchor to the gold surface and thereby form 
a highly stable coating. This might prove advantageous for future applications, where 
coated nanorods come into contact with other gold-binding substances. Examples 
are in vivo applications, where nanorods are supposed to be taken up by cells. 
Depending on the cell type, they can contain the thiol bearing amino acid sequence 
glutathione (Glu-Cys-Gly, GSH) in concentrations between 5 and 30 mM. 
Experminents with linear PEO have shown that already the presence of 5 mM 
glutathione leads to partial aggregation of particles within 24h due to ligand exchange 
on the particle surface of PEO against GSH. The polyacrylate coating on the other 
hand prevents aggregation even in 0,5 M DTT solution, highlighting their highly 
superior stability. 
 
An example for a reactive star-shaped molecule is NCO-sP(EO-stat-PO) – an 
isocyanate terminated six-arm polyether with a backbone consisting of a random 
copolymer of ethylene oxide and propylene oxide. Macroscopic surface coatings of 
NCO-sP(EO-stat-PO) exhibit excellent protein repellence and cell repulsion. These 
layers can be functionalized with biomolecules to induce specific interactions with 
cells or biologically active compounds, while maintaining its protein repellence. 
[31,32] The high reactivity of the NCO-groups of the ligand should facilitate the 
binding of a variety of biomolecules, so that ligands for gold nanorods can be tailored 
for specific applications. Preparation of the ligand prior to coating of nanorods could 
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also be an advantage, since coupling reactions can be performed in organic solvents 
without compromising the stability of the particles. 
As reported in the previous chapter, it is possible to coat nanorods with thiolated 
sP(EO-stat-PO). This section focuses on the preparation of a functional ligand based 
on the NCO-sP(EO-stat-PO) polymer containing biological signals and disulfide 
groups suitable for anchoring the molecule to gold nanorods. Subsequently, 
nanorods were coated and the success of ligand exchange as well as particle 
stability was investigated. A schematic overview over the synthetic route that was 
used and the structure of the final nanorod ligand is given in Scheme 9.2. 
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Scheme 9.2 Preparation route for a functional ligand based on the NCO-sP(EO-stat-PO) polymer 
containing biological signals (GRGD) and disulfide groups. 
 
NCO groups are reactive towards water; therefore all steps were performed in a 
glovebox under nitrogen atmosphere using dry solvents and reactants. In a first step, 
NCO-sP(EO-stat-PO) was dissolved in acetone, cystamin hydrochloride was added 
 Chapter 9  
 166
in substoichiometric amounts and deprotonated with triethylamin. The nucleophilic 
amine groups then react with NCO-sP(EO-stat-PO) to produce dimeric polymer stars. 
In order to prevent the formation of cross-linking due to a local excess of diamine, the 
low solubility of cystamin in acetone was exploited. The reaction was performed 
heterogeneously using a saturated solution of cystamin in acetone. Thus the reaction 
progresses in a slow and controlled way. After 1d the desired amount of amino acid 
sequence GRGD was added and the reaction was done analogously to the 
preceeding one. To quench remaining NCO groups, an excess of methanol was 
added and the solution was stirred for another day. Isolation of the ligand was done 
by removing the solvent in vacuo. 
Dimerization of the NCO-sP(EO-stat-PO) with cystamin was checked via size 
exclusion chromatography (SEC). The elution diagram depicts a bimodal distribution 
with a monomeric peak of non-converted starting material at Mn = 16 900 (Mw/Mn = 
1,02) and a dimeric peak at Mn = 32900 (Mw/Mn = 1,09) in a ratio of 1:1. To test 
whether the presence of quenched NCO-sP(EO-stat-PO) (containing no sulfur) 
interferes with the gold nanorod coating, ligand exchange with the obtained reaction 
product as well as with quenched NCO-sP(EO-stat-PO) was performed according to 
same procedure as introduced in chapter 8. Coating of the nanorods with quenched 
NCO-sP(EO-stat-PO) led to precipitation after ligand exchange, proving that CTAB 
was removed and that the ligand could not stabilize the particles due to the lack of 
disulfide or thiol groups acting as surface anchors. Contrary to this, application of the 
reaction product containing 50% of dimeric star polymer gave a clear, coloured 
particle solution at a dimer concentration of 2,5 mM. UV-Vis spectroscopy, however, 
showed a shift of the longitudinal absorption band (Δ = 60 nm) and minor loss of 
absorption intensity, indicating some particle aggregation. This is probably due to the 
hydrophobic character of the coating. Especially high aspect ratio nanorods are 
prone to aggregation because their shape strengthens their interactions compared to 
that of spherical particles or short rods, which causes the shift of λmax,long. Since the 
presence of unreacted “mono”-sP(EO-stat-PO) in mixture with quenched NCO-
sP(EO-stat-PO) dimers does not disrupt the ligand exchange to a significant extent, 
no purification was done prior to biofunctionalization. Coupling of GRGD was 
investigated by HPLC. As described in the previous section, the free amine group of 
arginine was labelled with a fluorescent dye and elution diagrams were analysed to 
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distinguish free and bound GRGD. Next to a signal of the free, uncoupled 
pentapeptide, also a signal for the polymer-conjugated GRGD could be detected 
(ratio of bound to free GRGD: R=0,75). It could thus be established that it is possible 
to dimerize and functionalize NCO-sP(EO-stat-PO). Nevertheless, the yields of both 
reaction steps should be improved (step 1: approx. 50% dimerisation and step 2: 
functionalization of approx. 30% of the stars, i.e. 60% of the dimers). Most probably, 
another solvent needs to be found which solubilizes cystamine and GRGD better and 
therefore allows for higher conversion prior to quenching of NCO groups.  
In order to test this polymer for its nanoparticle stabilizing properties, coating of gold 
nanorods with the biofunctionalized polymer (quenched RGD-functional NCO-sP(EO-
stat-PO) dimer) was done. Ligand exchange and purification via centrifugation gave a 
clear, deep-coloured solution and UV-Vis spectroscopy proved the stability of the 
particles, showing no significant shift or dampening of the plasmon peaks. Thus, it 
could be demonstrated that such ligand systems can be used to coat and stabilize 
gold nanorods. Additionally, the high stability of the particle solution strengthens the 
conclusion that residual, unreacted “mono”-star, does not interfere with the coating 
procedure and can therefore be removed by repeated centrifugation cycles after 
ligand exchange.  
 
9.3 Conclusions 
In this chapter, several ways to obtain biofunctional gold nanorods were shown. 
While direct biofuntionalization with a biotinylated PEO-disulfide was not possible due 
to the low molecular weight of the compound, a two step biotinylation of carboxy- and 
amino functionalized gold nanorods using NHS active esters was possible as proved 
by IR spectroscopy and coupling of biotinylated AuNR to streptavidin latex beads 
followed by observation with TEM  Using the same chemistry, amino acid sequences 
(GRGDS, GLF) were attached to carboxy functionalized particles and their presence 
on the nanorod surface was proven by HPLC measurements.  
Biofunctionalization with GRGDS or GRGD, respectively, was also performed with 
two multifunctional ligands: 1.) A polyacrylate with a brush-like structure bearing thiol 
and carboxy functionalities was converted with GRGDS in analogy to linear PEOs 
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and coupling was proven by HPLC. 2.) The star-shaped NCO-sP(EO-stat-PO) was 
converted to a biofunctional ligand for gold nanorods by introducing a disulfide bond 
acting as an anchor on the gold surface and a bioactive amino acid sequence. 
Coating of gold nanorods with this compound led to a stable particle solution without 
loss of anisotropy or stability.  
 
9.4 Materials and Methods 
Materials  
Tetrachloroauric(III)acid monohydrat (≈52% Au), NHS, and CTAB were obtained from 
Fluka. Silvernitrate, L-(+) ascorbic acid, sodium borohydride, hydroxylamine (50 wt% 
in water), EDC, sodium borate and bisodium hydrogenphosphate were taken from 
Aldrich and 2-(N-morpholino)ethane sulfonic acid (MES) and sodium azide from 
Merck. PEO polymers used were obtained from Iris Biotech and biotin linkers (EZ-
Link® Sulfo-NHS-LC-Biotin and EZ-Link Amine-PEG3-Biotin) from Pierce. Sodium 
chloride was obtained from KMF, and streptavidin modified latex beads (d = 1 µm) 
from Polysciences. The amino acid sequences GRGDS-NH2•CF3COOH, GRGD-
NH2•CF3COOH and GLF-NH2•CF3COOH were purchased from Bachem and 
hydrochloric acid from VWR. NCO-terminated 6 arm sP(EO-stat-PO) with a 
molecular weight of 12 000 g/mol was synthesized in our laboratory from hydroxyl-
terminated star polymers (DOW-chemicals, Terneuzen, NL) according to 
literature[33] and the polyacrylate ligand was developed within our group[34]. If not 
stated otherwise, all reagents were used without further purification. For all synthesis 
bidistilled water was used (Elga Purelab Ultra Plus UV).  
Nanorod preparation 
Nanorods were prepared via a seed mediated growth procedure.[15] A growth 
solution was prepared by dissolving silver nitrate (0,01 mM), CTAB (0,08 M) and 
hydrogen tetrachloroauric(III) acid (0,42 mM) in bidistilled water followed by stirring at 
room temperature. The orange solution turned colorless upon addition of ascorbic 
acid (0,5 mM). A seed solution was prepared by dissolving CTAB (0,1 M) and 
hydrogen tetrachloroauric(III) acid (0,24 mM) in bidistilled water. Under vigorous 
stirring freshly prepared, ice-cold, aqueous sodium borohydride solution (0,6 mM) 
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was added and the solution turned from orange to yellow-brown. The seed solution 
(12 µL) was added to the growth solution (10 mL) to start nanorod growth and was 
used 15 minutes after preparation. Nanorods were purified by two cycles of 
centrifugation, removal of the supernatant and redispersion in PBS or bidistilled water 
(11 000 rpm, 20 minutes).  
Polymer ligand exchange 
Polymer modification was done based on a previously published protocol for the 
coating of CTAB-capped gold nanorods with alkanethiols.[21] The purified nanorods 
were diluted in bidistilled water (1:5). 1 ml of 2,5 mM ethanolic polymer solution was 
added and the solution was kept in an ultrasonic bath for 30 min at 60°C and for 
3,5 h at 40°C. Afterwards, CTAB was removed by extraction with chloroform followed 
by centrifugation (9000 rpm, 10 minutes). The concentrated nanorod solution was 
diluted with bidistilled water, 0,9 wt% isotonic NaCl solution or PBS buffer to the 
desired concentration. 
Biotinylation of coated gold nanorods 
Gold nanorods bearing carboxylic acid groups were functionalized by adding the 
same volume of an MES buffer (0,1 M MES, 0,5 M NaCl) with a pH of 6 to a purified, 
concentrated sample of nanorods. To activate the acid function, 0,5 M aqueous 
solutions of EDC and NHS were added in the desired excess in relation to carboxy 
groups present in solution. After 15 min at room temperature a concentrated solution 
of the biotin-linker Biotin-PEO3-Amine was added equimolar to EDC and NHS. After 
24 h the reaction was stopped by addition of hydroxylamin to an end concentration of 
10 mM. Purification was done by centrifugation (10 min, 9000 rpm). 
A solution of purified HS-PEO3000-NH2 coated gold nanorods was diluted with PBS 
buffer (pH = 7,4) and a 0,16 M aqueous solution of the biotin-NHS ester was added 
in the desired excess. After 24 h the reaction was stopped by addition of 
hydroxylamin to an end concentration of 10 mM. Purification was done by 
centrifugation (10 min, 9000 rpm). 
Coupling of biotinylated nanorods to streptavidin coated latex beads 
25 µl of streptavidin modified latex beads were purified by centrifugation and 
redispersion in PBS according to supplier information. After the last centrifugation 
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cycle, particles were redispersed in 150 µl of PBS buffer. Depending on the optical 
density between 50 and 200 µl of biotinylated nanorod concentrate was added to 
25 µl of latexbeads. After 1,5 h, the mixture was centrifuged up to 4 times (6 min, 
6000 rpm) to remove unbound nanorods. 
Coupling of amino acid sequences to carboxy-functional gold nanorods 
Purified and concentrated carboxy-functionalized gold nanorod solutions were diluted 
with an equal volume of MES buffer (0,2216 g / 1,039 mmol MES, 0,3030 g / 5,185 
mmol NaCl, 0,2 mL 2N NaOH, 10 mL bidistilled water, pH=6) and the resulting 
buffered nanorod solution had a pH of 6. If not stated otherwise, equimolar amounts 
of EDC (2,1 M) and NHS (2,1 M) in relation to the fraction of carboxy groups present 
in the nanorod coating were added to the particle solutions. After 15 min at room 
temperature aqueous solutions of the protected amino acid sequences (GRGDS-
NH2•CF3COOH, GRGD-NH2•CF3COOH or GLF-NH2•CF3COOH, 70 mM) were added 
in equimolar amounts. After a reaction time of 24h, the active ester groups were 
quenched by addition of hydroxyl amine to a final concentration of 10 mM. 
Purification was done by centrifugation (10 min, 9000 rpm) and removal of the 
supernatant.   
Functionalization of free MeO-PEO2000-COOH (in the absence of nanoparticles) was 
performed by the same procedure. No purification or concentration of the samples 
was done prior to analysis. 
Preparation of multifunctional ligands and coating of gold nanorods 
Aceton was dried over P2O5 under nitrogen atmosphere via fractional distillation. 
Triethylamine was degassed through freeze-thaw cycles. Cystamin was dried in 
vacuo at 110°C for 4h. Methanol was dried over sodium via condensation in vacuo. 
The preparation of functional sP(EO-stat-PO) was performed in a glove box (N2 
atmosphere). 200 mg of NCO-terminated, 6-arm sP(EO-stat-PO) (12000 g/mol, 16,7 
µmol) was dissolved in 5 ml acetone and 1,2 µl of triethylamine (8,6 µmol, 0,52 eq) 
as well as 0,63 mg of cystamin (4,2 µmol, 0,25 eq) was added. The reaction mixture 
is stirred for 3d, then 5,1 mg of GRGD-NH2•CF3COOH (13 µmol, 0,74 eq) is added 
and the mixture is left stirring for another 3d. After this time, reactive isocyanate 
groups are quenched by addition of 2 ml of dry methanol. The solution is left stirring 
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for another day and then, the polymer is isolated by evaporation of the solvent in the 
form of a yellowish, highly viscous oil. 
Methods 
Centrifugation of nanorod samples was done using Centrifuge S810 from Eppendorf. 
A UV-Vis spectrophotometer UV160A from Shimadzu was used for aquiring optical 
spectra. Zetapotential measurements were performed on a Zetasizer Nano ZS from 
Malvern. IR spectra were obtained via ATR on a diamant crystal with an IFS 113V-
FTIR spectrometer from Bruker. Transmission electron microscopy images were 
taken with a Zeiss Libra 120 TEM with an accelerating voltage of 120kV. Samples 
were prepared by putting a drop of the nanoparticle solution on a formvar / carbon 
coated copper TEM grid and letting the solution evaporate. Analysis of the amino 
acid sequences was done with an HPLC from the Agilent 1200 Series. 
Measurements were performed at 40°C with an HPLC column of 50 mm x 4,6 mm, 
particle size 5 µ and the column material C18. As solvent system, a borate-
phosphate buffer with a pH of 8,2 was applied (19 mM sodium borate, 5 mM 
Na2HPO4, 15 mM NaN3 in filtrated/degassed water, pH adjust with conc. HCl) and an 
acetonitrile / methanol / water mixture (v/v/v: 45/45/10). For both amino acid 
sequences a gradient method according to Agilent[35] was used (GLF: excitation at 
240 nm, emission at 280 nm; GRGDS: excitation at 230 nm, emission at 450 nm). 
Size exclusion chromatography (SEC) was carried out at room temperature using a 
high-pressure liquid chromatography pump (ERC HPLC 64200) and a refractive 
index detector (ERC-7215a). The eluting solvent was THF (HPLC grade) with 
0,25g/L 2,6-di-tert.-butyl-4-methylphenol (BHT) and a flow rate of 1,0 mL/min. Five 
columns with MZ-DBV gel were applied. The length of each column was 300 mm, the 
diameter was 8 mm, the diameter of the gel particles was 5 µm, and the nominal pore 
widths were 50, 100, 1000, and 10000 Å. Conventional calibration was achieved 
using poly(methyl methacrylate) (PMMA) standards. The number-average molecular 
weight Mn, the weight-average molecular weight Mw and the polydispersity Q=Mw/Mn 
were calculated by the program “PSS WinGPC Unity”. 
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10. Interaction with Primary Immune Cells[1,2]  
This work was done in collaboration with M. Bartneck and Prof. G. Zwadlo-
Klarwasser from the interdisciplinary centre for clinical research BioMAT at University 
Hospital RWTH Aachen. 
 
10.1 Introduction 
Although recent in vitro studies show toxic effects of very small spherical gold 
nanoparticles (AuNP) on cell lines, AuNP bigger than 10 nm are generally considered 
biocompatible and show low cytotoxicity.[3] Besides the classical spheres,[4] AuNP 
can be synthesized in various shapes. Especially rod-like gold nanoparticles (AuNR) 
have gained interest due to their aspect-ratio dependent additional absorption in the 
near infrared that makes them suitable for in vivo hypothermal therapy.[5] In addition, 
the surface chemistry of gold nanoparticles can easily be modified. After preparation, 
colloidal gold nanoparticles are usually stabilized by charged species such as citrate 
or cetyl trimethylammonium bromide (CTAB) that may be exchanged by thiol-
functional compounds. Thus, biocompatibility together with the possibility to tailor 
both particle shape and surface chemistry predetermine AuNP as model system for 
cell interaction studies. 
With the rise of nanotechnology and its application in biomedicine, studies on the 
interaction of nanomaterials with cells have become increasingly important.[6] In the 
vast majority of cases, such studies are performed with cell lines. Hence, numerous 
studies have been performed on the cytotoxicity and uptake of AuNR in this way.[5,7-
9] Such studies have shown an influence of nanoparticle size and shape on cell 
uptake,[10] and it has been found that rodlike nanoparticles are taken up by HeLa 
cells with higher internalization rates than spherical nanoparticles. [11] However, cell 
lines are mutated cells that can change their capacity of particle clearance by 
mutations which accumulate in their genome. Furthermore, they are dividing cells 
which show a distinctly different metabolism than non-dividing human phagocytic 
cells.  
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The so called phagocytes are the most important component of the innate immune 
system and are omnipresent in the body. Monocytes and neutrophil granulocytes 
circulate in the blood stream and readily eliminate pathogens or clear 
particles.[12,13] Human neutrophil granulocytes are ten times more numerous (4000- 
7000 cells per µL blood) than monocytes, but the latter can differentiate into longer-
lived cell types such as macrophages with various subtypes.[14] There are two basic 
distinctions for the uptake mechanisms: phagocytosis, classically defined for the 
uptake of pathogens and solid particles and pinocytosis for the uptake of fluids and 
solutes.  
In order to evaluate the biological fate of nanoparticles in the human body, such as 
the amount of drug-delivering particles that is potentially cleared before it can reach 
the site of action, interaction studies of nanoparticles with immune relevant cells are 
essential. Accordingly, several studies have been performed to assess the interaction 
between leukocytes and nanoparticles. Especially non-human (e.g. murine) 
macrophage cell lines show a high frequency of mutations and phenotypic 
differences have recently been demonstrated between macrophage cell lines and 
primary macrophages [15] so that caution is required when comparing them to 
primary cells. In particular, cell division is fatal for phagocytosis assays.  
Beyond cell lines, there are literature reports about particle internalization studies 
using the whole set of leukocytes.[16] However, such studies do not allow 
distinguishing between different cell types that vary dramatically in their abundance in 
the different tissues. Only human primary cell cultures with purified populations of 
immune cells provide an in vitro system which is comparable to the human in vivo 
situation.  
In this chapter, exclusively use human primary immune cells have been used to 
determine the uptake of nanoparticles. A detailed investigation on the 
undifferentiated mononuclear prototype cell, the monocyte, as well as its most 
important differentiated cell type, the macrophage was carried out. Primary 
monocytes as well as macrophages possess the same phagocytic potency in vitro as 
in vivo.[12] Furthermore, we have for the first time investigated purified granulocytes 
(polymorphonuclear cells) and compared them to the mononuclear cells. For the 
interaction studies, we have prepared a nanoparticle library that is based on AuNR 
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(15 x 50 nm) as well as spherical gold nanoparticles (AuNS) with 15 and 50 nm in 
diameter, respectively. Stabilization of the nanoparticles was achieved by citrate, 
CTAB and thiol functional linear poly (ethylene oxide) (PEO) with either -OH, -COOH 
or -NH2 as endgroups. In addition, star-shaped polymers with both -SH and -OH 
endgroups and a statistically copolymerized backbone comprised of 80% ethylene 
oxide (EO) and 20% propylene oxide (PO) have been used as stabilizing agent. 
Successful ligand exchange and stability of the nanoparticles as well as the solutions 
were analyzed in human serum with zeta-potential measurements, UV-Vis 
spectroscopy, and transmission electron microscopy (TEM). Thickness and grafting 
density of the PEO coatings were investigated by negative staining and TEM. Cells 
were incubated with the nanoparticles and checked for particle uptake both by 
seedless deposition and TEM. 
 
10.2 Results and Discussion 
Nanoparticle synthesis and coating 
AuNR were synthesized by Ag(I) assisted seeded growth[17,18] followed by 
purification and concentration using centrifugation. The synthetic conditions were 
adjusted so that rods with a longitudinal plasmon resonance peak of around 850 nm 
were obtained as determined by UV-vis spectroscopy (Figure 10.1B). Overall 
appearance and homogeneity of the particles was checked by TEM which revealed 
an average particle size of 15 x 50 nm (Figure 10.1A).  
After synthesis, AuNR were stabilized by CTAB. Exchange of CTAB with PEO was 
performed with different types of commercially available 3 kDa α,ω-bifunctional PEOs 
that bear a thiol group at the one and either an alcohol-, amino- or carboxy-group at 
the other end of the polymer chain. As variation of the molecular architecture, thiol-
functional 12 kDa six armed star-shaped polymers with a statistically copolymerized 
backbone of ethylene oxide and propylene oxide (HS-sP(EO-stat-PO)) and a ratio of 
hydroxyl- to thiol-groups of approximately 2:1 have been used to coat the 
nanoparticles.  
 
 Chapter 10  
 178
 
Figure 10.1 Analysis of AuNR before (A) and after (B, C) ligand exchange of CTAB with the different 
HS-PEOs using TEM (A and C) and UV-vis spectrophotometry (B; spectra are normed on the peak at 
520 nm). Panel (A) shows CTAB stabilized AuNR after synthesis; while panel (C) presents 
phosphotungstic acid stained HS-PEO-COOH coated AuNR as representative example for stained 
PEO coatings.  
 
Ligand exchange and coating of AuNR as well as commercial AuNS with 15 and 50 
nm in diameter with the polymeric compounds was done according to the same 
protocol for the whole nanoparticle library and was characterized by means of 
zetapotential measurements before and after polymer coating of the particles. 
Exchange with the different PEO-thiols is in the following discussed in detail for 
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AuNR as representative example. Due to the positive charge of the CTA+ ions, AuNR 
solutions before ligand exchange exhibit a strongly positive surface potential of about 
90 mV. After ligand exchange and purification the AuNR solutions show different 
zetapotentials depending on the functional groups of the polymers and on the pH of 
the solution. As shown in Table 10.1, at pH = 4 carboxy-terminated PEO coating 
exhibits a negative (-20 mV) and the amine-terminated PEO a positive (+21 mV) 
zetapotential. The surface modification with HS-sP(EO-stat-PO) and linear HS-PEO-
OH both lead to zetapotentials in the range of 0 to -5 mV. Since the method is not 
sensitive in the area around 0 mV (approx. 0 ± 10 mV) these values can be viewed 
as neutral. Zetapotential measurements of AuNS after ligand exchange following the 
same protocol resulted in analogous surface potential values (Table 10.1). These 
results show that PEO-stabilized AuNP with different molecular architecture and 
hydroxyl-, amine- or carboxy-groups on the particle surface were obtained. 
 
Table 10.1 Zeta-potential measurement of the nanoparticle library at pH = 4 (w: peak width). 
 Citrate CTAB HS-sP(EO-stat-PO) 
HS-PEO3000-
OH 
HS-PEO3000-
COOH 
HS-PEO3000-
NH2 
15 nm 
AuNS 
-39,3 mV 
(w=8,9 mV) 
+49,6 mV 
(w=9,1 mV) 
-9,3 mV     
(w=5,2 mV) 
-4,5 mV 
(w=3,5 mV) 
-23,2 mV   
(w=8,7 mV) - 
15x50 nm 
AuNR - 
+90,0 m V 
(w=9,4 mV) 
-3,3 mV     
(w=3,9 mV) 
-4,6 mV 
(w=10,8 mV)
-20,2 mV    
(w=5,3 mV) 
+21,3 mV 
(w=4,9 mV) 
50 nm 
AuNS 
-51,6 mV 
(w=18,7 mV) 
+59,0 mV 
(w=9,2 mV) 
-1,3 mV   
(w=20,1 mV)
6,5 mV  
(w=6,3 mV) 
-34,7 mV 
(w=14,2 mV) - 
 
In addition to zeta-potential, the PEO coatings were visualized by TEM through 
staining with phosphotungstic acid. As representatively depicted in Figure 10.1C for 
HS-PEO-COOH, staining of the purified PEO-stabilized AuNR samples shows a 
homogeneous thin polymer layer with a width of 4 nm. Staining of CTAB-coated 
AuNR did not result in contrast enhancement of the coating since the hydrophobic 
CTAB layer lacks interaction possibilities for the polar phosphotungstic acid. 
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With the PEO layer thickness of 4 nm in the dry state the grafting density of the linear 
PEO on the AuNR can be estimated as described in Chapter 8.[19-24] A grafting 
density of 0,56 to 0,8 chains/nm2 was obtained, suggesting our system to be a dense 
brush that lies above the critical value of 0,5 chains/nm2 that has been identified as 
threshold value for minimization of protein adsorption in self-assembled monolayers 
on gold.[25] This high grafting density that is reached on the particles can be 
explained by the curvature of the nanoparticles that allows the PEO chains to occupy 
a cone like volume segment in the coating in contrast to a cylinder-like volume 
segment for planar surfaces. As a result, the sterical restriction during the grafting 
process is lower and higher grafting densities can be reached easier. 
 
Stability of nanoparticles in human serum  
In order to prove the resistance towards protein adsorption, and as preparation 
experiment for incubation with cells, stability of the nanoparticle solutions in 5% 
human serum at 37°C was tested over a period of 2 days. CTAB-stabilized AuNR as 
well as citrate stabilized AuNP immediately caused turbidity in the solution and with 
time even the formation of a precipitate, so that reliable UV-Vis measurements could 
not be performed. In contrast, the dispersions of PEO-stabilized AuNR stayed 
optically transparent and did not change colour. UV-Vis spectroscopy of nanorod-
solutions with the various PEO-surfaces showed no significant change in maximum 
and shape of the absorption peak during the incubation with 5% human serum 
(Figure 10.2A). These results suggest that no protein adsorption takes place since 
protein adsorption has been reported to cause significant broadening of the 
absorption band, lowering of its intensity and even a shift of the peak maximum 
wavelength.[26] In addition, TEM images show single dispersed nanorods (Figure 
10.2B) without any hint for particle aggregation. These experimental results support 
the calculated high PEO grafting density on the nanoparticle surface that prevents 
unspecific protein adsorption. 
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Figure 10.2 Panel (A) shows UV-Vis spectra of PEO-stabilized AuNR originating from the same AuNR 
charge before (0 d) and after incubation with 5% human serum for one day and two days. Panel (B) 
presents a TEM image of PEO-stabilized AuNR after two days incubation with 5% human serum. 
 
Cytotoxicity and particle uptake by different immune cell populations  
This study focuses on particle uptake by primary human immune cells. Phagocytosis 
is an essential part of the innate immune system of the human body. It is a rapid, 
energy-depending process.[27] Phagocytosis typically takes place within 30 minutes 
with its fastest increase during the first 15 minutes. Pinocytosis occurs similarly fast 
and is responsible for the uptake of fluids and solutes. Our interaction studies are 
thus focusing on the first 60 minutes of cell incubation with AuNP. CTAB has been 
described as cell toxic agent[9] and CTAB coated nanorods were shown to induce 
cell death of BT474, SKBR3 (breast cancer cell lines) and Hep G2 (hepatocellular 
carcinoma cell line) after 24 hours.[8,10] In our experiments with primary human 
immune cells, no negative effects on cell viability were observed for CTAB coated 
AuNP within at least 120 minutes of incubation. The number of viable cells in both 
control and sample, however, decreased after more than two hours of incubation 
(Figure 10.3A). As expected, no negative effect of any kind of PEO-stabilized 
nanoparticles used in this study on the viability of the cells was observed. 
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Figure 10.3 Panel (A) shows results of Trypan Blue staining after incubation of monocytes for 60, 120 
and 180 minutes with CTAB coated AuNR and AuNS, demonstrating that CTAB does not have toxic 
effects on the cells within a time period of at least 2 hours. Panels (B)-(E) present optical microscopy 
images of (B) lymphocytes, (C) neutrophil granulocytes, (D) monocytes and (E) macrophages after 
incubation with CTAB-coated AuNR. Seedless deposition results in black spots or areas that indicate 
the presence of gold nanorods. Bar = 20 µm. 
 
Figure 10.3B-E presents optical microscopy pictures for CTAB-stabilized AuNR as 
representative example for all CTAB-stabilized AuNP obtained by the seedless-
deposition procedure. Black colour indicates the presence of gold nanoparticles and 
thus enables the numerical determination of AuNP-positive cells. As mentioned 
above, we have validated this protocol with TEM studies, and Figure 10.4 presents a 
representative image of a monocyte after incubation with CTAB-coated AuNR for 
 Chapter 10  
 183
60 min. TEM pictures revealed that CTAB-coated AuNR form aggregates in solution 
and are recognized by the cells. This was in agreement with the change in optical 
appearance upon addition of these rods to medium containing human serum. We 
thus hypothesize that protein adsorption onto the CTAB-stabilized AuNR leads to 
recognition of these protein-coated formations by the phagocytes.  
 
Figure 10.4 TEM-studies of CTAB-coated AuNR uptake by primary human monocytes after 60 min 
incubation time.  
 
Concentration and time dependent uptake 
According to our findings, CTAB-coated AuNP generally were internalized in 
descending order by macrophages, monocytes and with a lower efficiency by 
granulocytes but not by lymphocytes. To investigate the concentration dependence 
of the uptake by the different phagocyte populations we studied the uptake after 
60 min of incubation with CTAB-coated 15 x 50 nm AuNR and 15 nm AuNS at 
different optical density (O.D.) values (Figure 10.5).  
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Figure 10.5 Concentration dependent uptake of 15 x 50 nm CTAB-coated AuNR (A) and 15 nm AuNS 
(B) by different immune cells after 60 minutes of incubation (mean values ± S.D.). Macrophages were 
most efficient in nanoparticle uptake, followed by monocytes and neutrophil granulocytes. O.D. = 
optical density of AuNP solution (proportional to nanoparticle concentration). Data from each 
phagocytic cell was fit to a variable slope sigmoid equation (straight lines). 
 
The lowest concentration of particles at which a maximal amount of positive cells is 
reached that is not increasing further at higher concentrations (defined as the 
concentration of a maximum rate of phagocytosis cPmax) is different for all cell types 
and nanoparticles. For AuNR, macrophages show the highest phagocytic activity 
(cPmax = O.D. 0,6), followed by monocytes (cPmax = O.D. 0,8) and neutrophil 
granulocytes (cPmax = O.D. 1,4). AuNP exhibit a corresponding trend by cPmax values 
are generally higher, indicating lower uptake efficiency for spherical particles. A 
complete overview of gold positive cells and cpmax values is given in Table 10.2.  
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Table 10.2 Comparison cpmax values for CTAB-stabilized nanosphere and nanorod uptake of 
granulocytes, monocytes and macrophages after 60 min incubation. 
Type of 
nanoparticle 
cpmax values after 60 minutes [O.D.]  
Granulocytes Monocytes Macrophages 
15 nm AuNS 3,8 2,5 1,2 
15x50 nm AuNR 1,4 0,8 0,6 
 
To study the time dependence of the uptake of 15 x 50 nm CTAB-coated AuNR and 
15 nm CTAB-coated AuNS by the three phagocytic cell types, we used nanoparticles 
at cPmax concentrations. For AuNR, 50% of the cells were positive for nanorod uptake 
after the first 15 minutes and reached maximum amount of positive cells during the 
next 15 minutes for each phagocytic cell type at cPmax. At cPmax for macrophages 
(O.D. 0,6), these cells showed the highest absolute numbers of nanorod uptake at all 
time points. Similar observations account for spherical 15 nm particles at the 
respective much higher cPmax.  
 
As indicated before, the comparison of the concentration dependent uptake of 15 x 
50 nm CTAB stabilized AuNR and 15 nm AuNS after 60 min incubation time 
suggests that the kinetics of internalization depend on the shape and size of the 
nanoparticles. However, due to the different extinction coefficients of spherical and 
rod-like AuNP, the O.D. values of AuNR and AuNS are not directly comparable. 
Generally, corresponding O.D. values of AuNR and AuNS solutions with the particle 
dimensions used here mean a significantly higher concentration of the spherical 
particles. Calculating the particle concentrations at O.D. 1 according to literature, the 
concentration of 15 nm AuNS is approximately 100 times higher than the 
concentration of 15 x 50 nm AuNR.[28] Taking into account that for macrophages 
(which are the only cells that can almost reach maximal amount of uptake-positive 
cells under these conditions) cPmax is at O.D. 0,6 for AuNR and at 1,2 for 15 nm 
AuNS, it can be concluded that rodlike particles of 15 x 50 nm are taken up by 
macrophages significantly faster than spherical particles with a diameter of 15 nm 
and corresponding surface chemistry. A reason for the more efficient uptake of the 
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rod-shaped particles may be their morphological similarity to protein capsules of virus 
particles.[29,30]  
 
When AuNP are stabilized with PEO, none of the cell types were able to internalize 
the nanoparticles in the first 60 minutes even at five-fold higher concentrations than 
CTAB-coated particles, independent of the molecular architecture of the polymer, as 
shown for AuNR in Table 10.3. These results underline the dominating effect of 
surface chemistry in comparison to nanoparticle geometry, since a dense coating 
with PEO prevents nanoparticle uptake in primary human immune cells.  
 
Table 10.3 Uptake of CTAB- and HS-PEO-OH-stabilized AuNR by primary human macrophages in 
the number of percent positive cells after 1 h and, for the PEO coated AuNR, after 1, 24 and 48 h 
incubation time. 
15×50 nm AuNR 
stabilization 
Concentration 
[O.D.] 
Mean (positive 
cells) ± S.D. 
Incubation 
[h] 
CTAB 
0,5 55,5 ± 11,8 
1 
1 97,2 ± 4,1 
2,5 95,6 ± 3,8 
5 96,1 ± 3,7 
HS-PEO-OH 
0,5 0 
1 
1 0 
2,5 0 
5 0 
0,5 3,1 ± 6,4 
24 
1 12,4 ± 6,9 
2,5 26,5 ± 9,2 
5 52,1 ± 9,9 
0,5 5,2 ± 4,5 
48 
1 22,6 ± 6,8 
2,5 42,5 ± 8,1 
5 89,9 ± 8,5 
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Interestingly, an additional modification of the PEO with COOH or NH2 groups does 
not lead to faster uptake of AuNR, although it has been shown that NH2- or COOH-
modifications of 100 nm polystyrene particles lead to high levels of protein adsorption 
onto the particle surface and that this protein adsorption on nanoparticles leads to 
recognition by HeLa cells and internalization.[31] We rationalize the observed 
increase of the resistance against protein adsorption as a consequence of the 
combined effect of surface curvature and graft molecular weight that reduce the 
exposure of polymer end groups to the environment, since the volume available to 
polymer segments grafted on spherical surfaces increases with (r/R)2 (r is the 
distance from the particle center, R is the particle diameter) and more relaxed chain 
conformations are expected for polymeric ligands. In agreement with this qualitative 
picture, self-consistent field simulations by Dan and Tirell as well as Wijmans and 
Zhulina have shown that – for constant length of surface-grafted chains - the 
distribution of chain ends adopts more parabolic shape with increasing surface 
curvature (i.e. decreasing R).[32] Thus, for small particles, surface interactions are 
expected to be independent of end-group composition but rather determined by the 
polymer-cell interaction. Our observations support this assertion. We note that the 
above argument brings out an important aspect related to the use of shape-
anisotropic nanoparticles in biomedical applications. Since for rodlike particles the 
mean curvature is defined as (1/R1 + 1/R2)/2 – with 1/Ri denoting the respective 
principal curvature – the mean surface curvature of nanorods is always of the order 
of the surface curvature of spherical nanocrystals with diameter equal to the rod 
width. Thus rodlike particle geometries are expected to be more accessible to 
stabilization by means of PEO-functionalization. 
 
Particle clearance by neutrophil extracellular traps 
Five years ago it became evident that in addition to the phagocytic mechanisms, 
neutrophil granulocytes release structures into the extracellular space which mainly 
consist of DNA and antibacterial proteins and trap pathogens at infection sites 
(neutrophil extracellular traps; NETs).[33] Recent reports have shown that the 
formation of extracellular traps is not restricted to neutrophils.[34] Thus, we have 
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studied the interaction of nanoparticles with extracellular structures and networks 
secreted by human immune cells.  
 
Figure 10.6 Different human immune cells located in cell-gold networks after 15 minutes of incubation 
with gold nanoparticles. (A) Neutrophil granulocytes formed the significantly highest amount of cell-
gold networks, less were induced by monocytes (B) and the fewest were found with macrophages (C). 
Immature (D) and mature dendritic cells (E) as well as lymphocytes (F) did not form such networks. 
(G) Per cent of the various cell populations involved in NET formation. Bar (A-F) = 25 µm. Mean 
values ± standard deviation.  
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Upon incubation of primary human leukocytes with AuNPs, we denoted that in 
addition to and independent of the uptake of gold nanoparticles, human immune cells 
release components into the extracellular space which result in the formation of 
networks consisting of cells, extracellular traps and particles. Neutrophil granulocytes 
led to the highest percentage of cells involved in network formation (25,1%). 
Interestingly, also monocytes (3,9%) and macrophages (1,5%) produced such 
extracellular structures. Lymphocytes and dendritic cells did not produce networks 
(Figure 10.6). The fact that monocytes also form extracellular traps can be attributed 
to the common progenitor cell from which granulocytes and monocytes evolve.[35] 
Cytospin preparations with differently modified nanoparticles were performed to 
elucidate the impact of particle surface chemistry and particle shape on the gold 
content inside the networks formed by neutrophil granulocytes (Table 10.4). 
Formation of the structures occurred rapidly within 15 minutes with about one third 
further increase of involved cells after 60 minutes. The sizes of cell-gold formations 
vary from two (Figure 10.7A, B) up to several dozens of cells (Figure 10.7C, D).  
 
Figure 10.7 Cytospin preparations of granulocytes after incubation with CTAB- (A, C) and PEO-
stabilized (B, D) gold nanorods (O.D. 0,5). Sizes of the cell-gold networks vary from two up to several 
dozens (C and D) of cells. Bar = 30µm.  
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Nanorod surface chemistry had a negligible influence on network formation but a 
strong impact on the relative percentage of networks bearing gold. Positively loaded 
particles (CTAB- and PEO-NH2-coated) were more frequently (72-92%) located 
inside the structures than PEO-OH or PEO-COOH-stabilized particles (12-15%). 
Monocytes and macrophages generally showed a smaller portion of interconnected 
cells. The relative amount of trapped particles was not significantly different for 15 nm 
AuNS compared to AuNR at corresponding optical density and the same coatings 
(Table 10.4). This is in contrast to particle uptake, where particle shape does 
significantly influence the kinetics of particle internalization, underlining the difference 
of the two particle clearance mechanisms. When the experiment was performed with 
nanoparticles at concentrations higher then O.D.=1, aggregates of nanoparticles and 
cells became huge (several mm), and sometimes were solid like a tissue sample. 
This kind of aggregation may cause serious problems when occurring in vivo, so that 
these tests should be performed with nanoparticles that are intended for such 
applications to identify the threshold concentration for this aggregate formation. 
 
Table 10.4 Relative portion of granulocytes involved in network formation after incubation with gold 
nanorods (middle) and related portion of networks containing nanoparticles (right) after 15 and 60 min 
of incubation, including control experiments with DNase and Cytochalasin D treatment as well as cells 
without nanoparticles. Mean values ± standard deviation.  
Type of 
nanoparticle 
Surface 
modification and 
treatment 
Percent of cells involved in 
networks 
Percent of networks 
containing AuNPs 
15 min 60 min 15 min 60 min 
Control without nanoparticles 25,4 ± 9,5 32,5 ± 8,6 0 0 
AuNR 
 
15 x 50 nm 
HS-PEO-OH 18,9 ± 7,2 29,8 ± 11,2 15,1 ± 7,1 12,2 ± 5,1 
HS-PEO-COOH 22,6 ± 6,2 30,5 ± 11,5 13,2 ± 3,7 13,1 ± 6,2 
HS-PEO-NH2 21,5 ± 8,3 32,6 ± 13,6 72,7 ± 12,0 76,2 ± 13,2 
CTAB 25,1 ± 12,8 34,8 ± 14,1 91,2 ± 9,8 88,2 ± 6,8 
CTAB + DNase 4,2 ± 1,5 5,1 ± 1,2 92,6 ± 6,5 95,5 ± 5,5 
AuNS 
 
D = 15 nm 
HS-PEO-OH 22,6 ± 10,5  27,6 ± 11,0  12,1 ± 3,5 12,2 ± 4,2 
CTAB 24,8 ± 8,5 36,9 ± 8,9 89,7 ± 9,8 91,2 ± 8,4 
CTAB + DNase 3,5 ± 1,5 3,1 ± 0,8 91,2 ± 8,6 93,0 ± 8,8 
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After one day of culture on the glass slides, the NETs could still be detected. As 
expected, DNase treatment significantly decreased the percentage of cells involved 
in the formation of network structures whereas gold was still detectable, 
demonstrating the importance of DNA as constituent of the structures. Staining with 
4'-6-diamidino-2-phenylindole (DAPI), a DNA-intercalating agent, resulted in blue 
colorization of the aggregates which additionally proved the presence of DNA in the 
structures (Figure 10.8A). When the structures were treated with DNase prior to 
staining, no blue coloration was obtained (Figure 10.8B), demonstrating that DNA is 
a main constituent of the structures. This is in accordance to previous work in which 
NETs were visualized using the DNA-intercalating agent SytoxOrange.[36] However, 
gold was still detectable in the residual matrices that remain. We hypothesize that 
protein components from the NETs remain which are not affected by DNase 
treatment and thus may still trap nanoparticles. As the negatively loaded DNA 
molecule is the major component of NET structures, electrostatic forces may be an 
explanation for the efficient trapping process of positively loaded particles. 
 
Figure 10.8 Neutrophil granulocytes after incubation with CTAB coated gold nanorods. (A) DAPI 
staining of immobilized cells demonstrated that the structures in which gold nanorods were entrapped 
consisted of DNA (blue staining), the major constituent of neutrophil extracellular traps. (B) Structure 
formation could be abrogated using DNase. (C) Ultrathin sections revealed that the particles were 
located extracellular and (D) stuck inside extracellular traps and were not surrounded by a membrane. 
Bar (A, B) = 20 µm, C = 200 nm and D = 50 nm. 
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Transmission electron microscopy studies have shown that the rods were located in 
extracellular space (Figure 10.8) and were not surrounded by membranes. Results 
were similar for monocytes and macrophages considering that in general fewer cells 
were involved into cell-particle networks, while dendritic cells and lymphocytes were 
not involved in the formation of extracellular traps. 
None of the surface modifications of our particles was capable to prevent trapping by 
NETs. In contrast to this, uptake by macrophages is abolished by PEO-stabilization 
of nanoparticles even with the presence of charged functional groups at the 
nanoparticle surface. Thus, extracellular trapping is a much more efficient 
mechanism of particle clearance which occurs temporally prior to endocytosis and 
which is largely independent of the surface chemistry. Nevertheless, the enhanced 
trapping of positive particles suggests that this mechanism is most efficient for 
similarly sized and positively charged viruses.  
 
Our study clearly shows that macrophages are more potent in the clearance and 
uptake of nanoparticles in comparison to the phagocytes which circulate in the blood 
stream. This might be of relevance because the macrophages in liver and spleen are 
in direct contract with the blood.[37] Moreover, all different kinds of tissue-specific 
macrophages may get into contact with nanoparticles indirectly when they scavenge 
dying cells which took up or bind to particles. Neutrophil granulocytes phagocytize 
bacteria[14] as well as small-sized particles, such as urate crystals in articular 
gout.[38] We could show that they are also able to phagocytize AuNR. In their high 
number, they contribute significantly to the clearance of nanoparticles in the blood 
stream. Lymphocytes are non-phagocytic cells. Although B-lymphocytes are capable 
of taking up antigen by receptor-mediated endocytosis, they did not take up AuNR in 
our study. [27] This underlines that the uptake of AuNR into phagocytic immune cells 
is an active, specific and energy-dependant process and that the nanorods do not 
enter the cells passively by diffusion. Furthermore, we have shown that the human 
professional phagocytes are much faster in their uptake of CTAB-coated AuNR than 
for example HeLa cells (a cervical cancer cell line). Phagocytosis by immune cells is 
almost finished after 30 minutes, whereas HeLa cells still show an increase in uptake 
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after two or three hours.[10] Since it has been shown that phagocytosis is equally 
efficient both in vitro and in vivo,[12] these results underline the different behaviour of 
human primary cells in comparison to cell lines.  
In order to mimic long-time incubation conditions with highly concentrated PEO-
coated AuNP, we incubated d5 macrophages for two days with PEO-coated rods and 
studied the uptake after one and two days. The rods were taken up by macrophages 
in a concentration dependant manner although the stability tests in 5% human serum 
suggests that no aggregation or protein adsorption occurred (Figure 10.2B). Although 
the rods had no negative effect on viability as determined by Trypan blue exclusion 
(<90%), the reason and mechanism for uptake of PEO-stabilized AuNP after longer 
times is yet unclear. This result shows that nanoparticle clearance by phagocytes 
cannot completely be prevented but significantly delayed, opening a time-window for 
artificial nanostructures in which cell- and tissue-specific targeting can be achieved 
before the innate immune system is able to interfere. 
 
10.3 Conclusions  
In summary, we have prepared a nanoparticle library based on spherical (AuNS; 
d =15 nm) as well as rod like (AuNR; 15 x 50 nm) particles and a variety of surface 
chemistries comprising CTAB, linear PEO bearing -OH, -NH2 and -COOH functional 
groups and star-shaped PEO-based polymers. This library has been used to test the 
ability of defined primary human phagocytic cell populations, namely monocytes, 
monocyte derived macrophages and neutrophil granulocytes, to internalize 
nanoparticles as a function of time, concentration, particle shape and surface 
chemistry. 
CTAB stabilized AuNP were internalized most efficiently by macrophages followed by 
monocytes and neutrophile granulocytes. Cell vitality examinations show that the 
CTAB-stabilized AuNP did not have any toxic effects for at least two hours. 
Interestingly, AuNR are taken up significantly faster than AuNS, supposedly due to 
their morphological similarity to rod like pathogens such as viruses. The uptake was 
shown to be active and therefore not due to passive diffusion. When stabilized by a 
densely grafted layer of PEO, nanoparticles could not be internalized after several 
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hours by the phagocytes, independent of particle shape, PEO molecular architecture 
and even when the PEO bears amino- or carboxy-groups. However, we observed 
phagocytosis also of PEO-stabilized AuNP after incubation for 24 and 48 hours. 
Finally, a novel clearance mechanism for nanoparticles by the human immune 
system has been described. We have demonstrated that extracellular traps are not 
only produced by neutrophil granulocytes but to a lower extent also by monocytes 
and macrophages. The amount of particles which is trapped strongly depends on the 
surface chemistry of the particles. However, also nanoparticles that are modified with 
PEO on the surface are trapped to a certain extent by these extracellular structures. 
Immune cell extracellular traps thus represent a putative barrier for nanoparticles and 
nanoparticle based drug delivery systems and may contribute to diminishing of 
particle numbers when formed in vivo. 
This study revealed differences in the potential of defined primary human phagocytic 
cells to internalize nanoparticles that strongly depend on nanoparticle surface 
chemistry and nanoparticle shape. Hence, depending on the intended medical 
application for artificial nanostructures, the frequencies and distribution of the 
different phagocytic cells as well as the chemical nature and geometry of the 
nanomaterial have to be taken into account. We conclude that surface chemistry 
dominates particle shape if phagocytic uptake shall be prevented, and that particle 
clearance cannot fully be prevented but significantly delayed, leaving a sufficient time 
window for targeted drug-delivery applications. 
 
10.4 Materials and Methods  
Materials 
Tetrachloroauric(III)acid monohydrat (≈52% Au), phosphotungstic acid and CTAB 
were obtained from Fluka. Silver nitrate, L-(+) ascorbic acid, and sodium borohydride 
were purchased from Aldrich. Spherical gold colloids were acquired from Aurion 
(d=15 nm). PEO polymers used were obtained from Iris Biotech and phosphate-
buffered saline (PBS) without calcium or magnesium from Gibco. If not stated 
otherwise, all reagents were used without further purification. For all nanoparticle 
syntheses bidistilled water was used. Thiolated six arm, star shaped poly(ethylene 
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oxide-stat-propylene oxide) (HS-sP(EO-stat-PO) bearing 2x SH, 4x OH end groups) 
with a backbone consisting of 80% ethylene oxide and 20% propylene oxide 
(Mn=12000 g/mol, Mw/Mn=1,12 g/mol) were available in the working group.[39]  
 
Nanorod preparation 
Nanorods were prepared via a seed mediated growth procedure.[17] A growth 
solution was prepared by dissolving silver nitrate (0.01 mM), CTAB (0,08 M) and 
hydrogen tetrachloroauric(III) acid (0,42 mM) in bidistilled water followed by stirring at 
room temperature. The orange solution turned colorless upon addition of ascorbic 
acid (0.5 mM). A seed solution was prepared by dissolving CTAB (0,1 M) and 
hydrogen tetrachloroauric(III) acid (0,24 mM) in bidistilled water. Under vigorous 
stirring freshly prepared, ice-cold, aqueous sodium borohydride solution (0,6 mM) 
was added and the solution turned from orange to yellow-brown. The seed solution 
(12 µL) was added to the growth solution (10 mL) to start nanorod growth and was 
used 15 minutes after preparation. Nanorods were purified by two cycles of 
centrifugation (13 000 rcf, 20 minutes), removal of the supernatant and redispersion 
in PBS.  
 
PEO ligand exchange for gold nanorods 
PEO modification was done based on a previously published protocol for the coating 
of CTAB-capped gold nanorods with alkanethiols.[40] The purified nanorods were 
diluted in bidistilled water (1:5). 1 ml of 2,5 mM ethanolic polymer solution was added 
and the solution was kept in an ultrasonic bath for 30 min at 60°C and for 3,5 h at 
40°C. Afterwards, CTAB was removed by extraction with chloroform followed by 
centrifugation (11000 rcf, 10 minutes). The concentrated nanorod solution was 
diluted with 0,9 wt% isotonic NaCl solution or PBS buffer to the desired 
concentration. 
 
CTAB and PEO stabilization of gold nanospheres 
To coat commercially available 15 nm gold nanospheres with CTAB, these were 
diluted with bidistilled water to an O.D. of about 0,7. An excess of CTAB was added 
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(0,13 M) and ultrasonic treatment was done as explained above. These CTAB-
capped AuNS were purified twice by centrifugation at 13 000 rcf for 15 minutes 
without cooling and redissolved in one third of their original volume. For surface 
modification of the nanospheres with PEO, the protocol described above for ligand 
exchange of AuNR was applied. Successful ligand exchange was confirmed by zeta-
potential measurements of the particle solutions before and after the ligand 
exchange.  
 
Nanoparticle concentration 
To determine particle concentration, the O.D. of the nanospheres was measured at 
the adsorption peak for 15 nm AuNS. In the case of nanorods, the O.D. of the 
solution at the maximum of the longitudinal plasmon resonance peak (λmax,long at 
approximately 850 nm) in bidistilled water was used.  
To compare concentrations of spherical and rod-shaped nanoparticles at a specific 
O.D., the particle concentration of AuNR and AuNS was estimated according to 
literature.[28] Briefly, absorption cross sections were calculated to be Cabs = 
6,9•10-15 m2 for nanorods (for λmax,long at 850 nm),  and Cabs = 6,0•10-17 m2 for 15 nm 
nanospheres. In order to compare particle numbers in solution, these values were 
used to determine particle concentrations at O.D. 1 according to Lambert-Beer’s 
Law: cAuNR = 1,45•107 /µL, cAuNS,15nm = 1,67•109 /µL). 
 
Cell experiments 
Cell experiments were performed by Matthias Bartneck from the interdisciplinary 
centre for clinical research BioMAT at University Hospital RWTH Aachen under the 
supervision of Prof. G. Zwadlo-Klarwasser. For detailed information on procedures, 
see [1,2]. 
 
Instrumentation. Absorption spectra were acquired using a V-630 UV-Vis-
spectrophotometer from Jasco. TEM images were acquired using a Zeiss Libra 120 
in-column EFTEM with an accelerating voltage of 120 kV and a Philips EM 400 T at 
60 kV using a CCD-Camera MORADA (Olympus, Japan, Tokyo). TEM grids of 
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nanoparticles were prepared by putting a drop of the concentrated nanorod sample 
(30 µL) on a Formvar-coated and carbon-sputtered copper TEM grid, placing the grid 
on a filter paper, and evaporating the solution at room temperature. Cell visualization 
was performed by embedding in Epon, polymerization for 8 h at 37°C and 56 h at 
60°C. Preparations were cut into 70 – 100 nm thick slices and contrasted with uranyl 
acetate and lead citrate. 
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A. Properties of the Nanorod Synthesis  
 
A.1 Introduction 
In the last few years, gold nanorods have become a highly attractive field of research 
due to their remarkable optical properties. The anisotropic shape of nanorods gives 
rise to two distinctive absorption peaks, a transverse band corresponding to the width 
of the nanocrystals (ca. 520 nm) and a longitudinal band which is strongly influenced 
by the nanorods’ aspect ratio. Therefore, by tuning the anisotropy of nanorods the 
position of the longitudinal absorption peak can be controlled in a broad wavelength 
regime (>600 nm) and thus tailored to a specific application. It is obvious, that in-
depth understanding of the growth mechanism of gold nanorods is required in order 
to control the structure and thereby the optical properties reliably and precisely. 
A lot of research has been done on the mechanisms involved in gold nanorod 
formation prepared via the aqueous seed-growth approach and parameters 
influencing the synthesis were found to be manifold. As discussed in Chapter 3, 
many reaction mechanisms have been proposed, shedding light on different aspects 
of the growth process. However, the complex interplay of parameters and the 
existence of many modifications of the seed-growth preparation (photochemical, 
electrochemical, chemical reduction, with or without AgNO3) make a unified, 
comprehensive explanation of the growth mechanism elusive. In order to limit the 
amount of influencing factors here, only the aqueous seed-growth synthesis using 
chemical reduction of the gold salt and AgNO3 as shape directing agent will be 
discussed. With this procedure, single crystalline nanorods are obtained, which are 
terminated by different crystal facets on their sides and ends. In most mechanistic 
theories, the distinction of these different facets by adsorbents (metals, surfactants, 
etc.) plays a major role. For example as already described in detail previously, the 
concentration of all conventional reagents applied (HAuCl4, AgNO3, ascorbic acid, 
CTAB) either in a secondary growth step (see Chapter 3) or in the primary growth 
solution, when preparing nanorods,[1] influence particle dimensions and shape. An 
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increased concentration of ascorbic acid generally reduces rod aspect ratio.[2] This 
can be explained by the greater speed of the growth process, making discriminations 
between different deposition sites for gold less effective and thus leading to a more 
isotropic particle growth. Adding extra reducing agent after nanorod growth can lead 
to the formation of “dog-bones”, i.e. nanorods with extended ends. This was 
explained by a less dense surfactant layer at nanorod ends causing a simplified gold 
deposition.[3] Also, the effect of the seed solution was studied. Low amounts of seed 
lead to particles with larger aspect ratios and also overall dimensions, which is due to 
the higher Au(I) / seed ratio. Upon increase of the number of seed particles, the 
resulting rod thickness is reduced more strongly than its length, therefore an overall 
increase in aspect ratio is observed. Thus, a lower excess of gold salt leads to better 
discrimination of gold deposition sites, i.e. anisotropic growth.[2] Additionally seed-
crystal morphology is critical for the nanorod formation. Only single-crystalline seed-
crystals can be used to nucleate the rod formation in this synthetic approach while 
twinned seed-crystal structures lead to other particle morphologies.[4] Particularly 
interesting is the role of AgNO3. El-Sayed et al. for example showed that there is an 
optimum for the AgNO3 concentration where the highest rod aspect ratio is obtained. 
The authors assumed that at lower concentrations, silver forms complexes with 
CTAB that aid nanorod growth, while at higher silver concentrations, different species 
with CTAB might develop which do not promote nanorod growth the same way.[5] On 
the basis of later works, where the idea of underpotential deposition of silver on gold 
nanoparticles was introduced[4], Murphy et al. hypothesized that underpotential 
deposition of Ag occurred preferentially on the side facets of the nanorods. Above a 
certain concentration, the whole nanorod crystal should be covered by a passivating 
Ag layer terminating further nanorod growth.[6]  
An alternate way to study the role of certain reagents is to exchange them against 
compounds that – according to the theories for nanorod growth – should behave 
similarly or superiorly. Until now, this has only been done in very few instances. Next 
to different kinds of seed crystals, only few surfactant systems with structural 
differences were investigated. For example ammonium ions with shorter alkyl chain 
lengths were studied as main- or co-surfactants.[7,8] In these cases CTAB proved 
most effective, giving the best yields and aspect ratios. The addition of benzyl 
dimethylammonium chloride (BDAC) as co-surfactant was reported to yield nanorods 
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with higher aspect ratios of 4,6 to 10.[5] Replacement of CTAB with cetyl 
triethylammonium bromide (CTEAB) led to a reduction of growth speed and high 
anisotropy gold nanorods.[9] Also, the effect of different counter ions of cetyl 
trimethylammonium cation was tested, indicating a correlation between the affinity of 
the surfactant species to the gold surface and the tendency to support anisotropic 
growth. In the presence of mild reducing agents, the high-affinity adsorption of Br-, 
NO3-, and Cl- on gold surfaces (as determined for C16TAX on gold using a quartz 
crystal microbalance) produced anisotropic gold nanoparticles, with Br- having the 
highest affinity and best rod-inducing capabilities. Conversely, only spherical gold 
nanoparticles were obtained for weakly bound counter ions such as SO42-, F-, and 
OH-.[7,8,10,11] Other publications also emphasized the importance of halide 
absorption on gold nanoparticle surfaces, presenting the development of different 
shapes depending on the choice of counter ion. Special significance was assigned to 
iodide, bromide and chloride.[12,13] 
In this chapter new compounds will be investigated for nanorod growth and current 
mechanistic theories will be tested with the goal to improve the process. At first, the 
stability of aqueous nanorod solutions will be studied, in order to set the limits for the 
use of new reagents. Then, further studies on the effect of different seed crystal 
species, the CTA+ counter ions and the type of capping agent / Au(I) stabilizer will be 
investigated.  
 
A.2 Results and Discussion 
Gold nanorods are prepared on the basis of the synthesis introduced by El-Sayed et 
al. and as reported there, single crystalline nanorods were obtained as corroborated 
by high resolution transmission electron microscopy (HRTEM, see Figure A.1).[5] In 
a first step, the stability of nanorod solutions obtained via the conventional route will 
be tested. Stability in this case means resistance to agglomeration or changes in 
shape, therefore stability will be judged by means of UV-Vis spectroscopy, which is 
the most reliable and sensitive method for the detection of changes of the whole 
nanorod collective. Subsequently, the role of seed crystals will be discussed by using 
aged CTAB-coated seeds as well as Au55 clusters and naked gold seeds deposited 
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on solid substrates. Finally, the effect of surfactant structure will be studied. An 
important question that will be addressed in this section is, to what extent Au(I) 
stability determines whether isotropic or anisotropic growth takes place.  
 
Figure A.1 HRTEM image of a gold nanorod showing the single crystallinity of the particle. 
 
A.2.1 Stability of gold nanorods 
The synthesis and storage of gold nanorods can be influenced by a lot of 
parameters. Especially during the preparation, small changes in reaction conditions 
can strongly influence the growth process. Whether a reaction solution is stirred or 
not, for example, can change yields and aspect ratios of nanorods. Also temperature 
plays an important role: At higher temperatures, lower rod anisotropies are 
obtained.[14] Recently it was found, that minute traces of impurities in CTAB 
drastically change the shape of grown gold nanoparticles.[12,15] But also during 
storage, unpurified nanorods will change with time. A large portion of gold ions do not 
deposit on gold nanoparticles. Atomic absorption spectroscopy (AAS) and atomic 
emission spectroscopy with inductively coupled plasma (ICP-AES) corroborated 
results from literature[3], that depending on exact reaction conditions more than 40% 
of gold ions remain in solution, which means particle growth can occur for months 
and due to changing conditions different sets of nanorod aspect ratios can develop 
(Figure A.2).[1]  
 Appendix A  
 204
600
700
800
900
1000
0,1 10 1000 100000
Time / h
λ m
ax
,lo
ng
 / 
nm
 
Figure A.2 Time dependant UV-Vis data (λmax,long: wavelength at longitudinal peak maximum) for a 
conventionally prepared gold nanorod solution. Blue diamonds represent the main longitudinal 
plasmon peak. The pink squares depict a second set of nanorods with higher aspect ratio, which 
developed after longer reaction times.  
 
UV-Vis spectroscopical studies on a nanorod concentrate and its supernatant after 
centrifugation show that the position of the longitudinal peak in the concentrate 
remains stable over 9 weeks (Figure A.3a). Only a small increase in the amount of 
nanospheres relative to nanorods can be observed after 5 weeks. In contrast to this, 
due to the presence of unreduced gold ions in solution some remaining nanoparticles 
in the supernatant grew significantly over the course of 9 weeks, giving rise to a large 
amount of high anisotropy nanorods (Figure A.3b). Therefore, when testing stability 
of nanorods after preparation in this work, excess reagents were always removed by 
centrifugation in order to be able to monitor changes independent of reaction time. 
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Figure A.3 Time dependent UV-Vis spectroscopy of a) a nanorod concentrate (black line: after 1h, 
dark grey line: after 1 week, light grey line: after 9 weeks) and b) a supernatant containing a few 
remaining nanorods (from black to light grey line: after 1h, 1 week, 9 weeks). 
 
a b
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Firstly, the effect of ultrasonic treatment during the synthesis of gold nanorods was 
tested. Therefore, two solutions were prepared. One was put in an ultrasound bath 
set to room temperature (25°C) and the other was stirred at the same temperature. 
UV-Vis spectroscopy after 4h showed identical spectra, indicating that ultrasonic 
treatment at 25°C does not affect nanorod growth.  
Next, the stability of a purified nanorod solutions at high temperatures was studied. 
The samples were kept at temperatures between 40°C and 90°C for 1h each. No 
dramatic changes in colour were observed, however, at high temperatures small 
amounts of black precipitation developed and a blue shift of the longitudinal peak 
occurred (Figure A.4). Thus, nanorods show reasonable but not perfect stability at 
temperatures above approx. 70°C. 
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Figure A.4 UV-Vis spectroscopy before (continuous, grey line) and after (dashed, black line) 
treatment of nanrods at 90°C. 
 
Nanorods were then subjected to ultrasonic treatment at elevated temperatures 
(60°C). After 30 min, the solution had turned almost completely colourless, indicating 
detachment of CTAB from the particles and subsequent agglomeration.  
An important point is also the stability against other solvents than water. To test this, 
1 ml of purified nanorod solution was treated with varying amounts of ethanol (EtOH, 
between 300 and 500 µl). Directly after addition, a colour change was observed for 
samples containing more than 450 µl of alcohol. In these cases, complete 
discolouration occurred after a few hours. The remaining solutions containing <450 µl 
EtOH showed no distinct colour changes. Figure A.5 depicts UV-Vis spectra of these 
samples in comparison to a reference without EtOH. Only minor shifts of the plasmon 
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peaks could be observed, but with rising alcohol content the fraction of nanorods in 
comparison to spherical products decreased and a slight red-shift of the transverse 
plasmon peak can be observed, indicating that stability of shape is impaired. The 
most likely explanation for this is the improved solubility of CTAB in ethanol, which 
reduces the affinity of the surfactant to the gold surface and thus disrupts the 
stabilization of the anisotropic shape. At higher alcohol concentrations the 
surfactant’s tendency to self-assemble into bilayers on a particle surface is reduced 
to such an extent that aggregation takes place. 
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Figure A.5 Normalized UV-Vis spectra before and after addition of ethanol to nanorod solutions. The 
black line represents the reference without EtOH, grey lines show the spectra after EtOH addition 
(from dark grey to light grey: 300, 350, 400 µl EtOH added to 1 ml of nanorod solution). 
 
In order to test the influence of temperature on alcohol containing nanorod solutions, 
a purified nanorod sample was diluted with 1/3 of its volume with EtOH – a 
concentration which does not lead to aggregation – and heated to 70°C for 7h. The 
solution afterwards showed some precipitation due to aggregation, but most of the 
nanorods remained stable. UV-Vis spectroscopy again showed no shift of the 
plasmon peaks, but the amount of nanorods relative to spherical side product 
decreased noticeably (Figure A.6). All in all, the destabilizing effect of EtOH was 
amplified when heating to 70°C for prolonged times, but the remaining fraction of 
nanorods was unchanged with respect to anisotropy. 
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Figure A.6 Normalized UV-Vis spectra before and after addition of ethanol to nanorod solutions and 
heating to 70°C for 7h. The grey line represents the reference without EtOH, the black dotted line 
shows the spectra after thermal treatment (3 ml of nanorod solution + 1 ml EtOH). 
 
Another interesting question is if nanorods can be isolated and redispersed in water 
or other solvents. Three ways of nanorod isolation were tested: 1. The water was 
evaporated from the solution at room temperature, 2. water was removed by freeze-
drying and 3. centrifugation cycles were repeated until a pellet developed. In case 1 a 
golden residue was obtained, in case 2 a coloured film that adhered tightly to the 
walls of the reaction vessel and in case 3 a black pellet. In the first and the last 
instance, it appears that the nanostructuring was lost and bulk gold was obtained, 
nevertheless redispersion was attempted in all three cases. Hydrophilic and 
hydrophobic media were tested: pure water, a CTAB-water solution, xylene and a 
CTAB-xylene solution. However, in all cases redispersion was not possible even after 
ultrasonic treatment. For case 1 (evaporation of water) and case 3 (centrifugation) 
best results were obtained for xylene and xylene / CTAB respectively. Light blue 
solutions were obtained. However the solution remained turbid and within a few 
minutes a fine precipitation re-emerged, therefore complete re-dispersion was also 
not possible in these cases. Apparently the drying process leads to irreversible 
agglomeration of nanoparticles. 
Finally, pH stability of the nanorods was tested. The pH value of a purified nanorod 
solution is around 5. With the help of 1M NaOH and 1M HCl solution, the pH was set 
to ca. 12-13 and 0 respectively. Though under basic conditions slight coloured film 
formation at the wall of the reaction vessel took place and also some loss of gold was 
observed via UV-Vis spectroscopy under acidic conditions, the bulk of nanorods 
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remained stable and in solution. No shift of plasmon peaks was observed. Also, the 
application of pH buffers for pH 6-8 was not detrimental to the colloidal stability, since 
the addition of salts (e.g. 0,9 wt% NaCl) does not compromise stabilization by CTAB.  
Scheme A.1 presents a summary of results concerning nanorod stability. All in all, 
solutions exhibit good stability against ultrasonic treatment at room temperature, 
addition of acid, salts or low amounts of alcohol as well as elevated temperatures. 
However, particles cannot simply be isolated in redispersed and ultrasonic treatment 
at elevated temperatures leads to complete aggregation. Care has to be taken when 
using temperatures above 70°C, applying basic pH or high alcohol contents. In these 
cases, partial aggregation can occur. 
CTAB coated
AuNR
stableunstable
partially
stable
• T<70°C
• presence of salts
• <30 vol% EtOH
• ultrasound, 25°C
• acidic pH
• T>70°C
• basic pH
• >30 vol% EtOH
• ultrasound, 60°C
• redispersion
 
Scheme A.1 Summary of results obtained concerning nanorod stability. 
 
A.2.2 Variation of seed solution 
The seed solution is an important parameter in nanorod formation via Ag-mediated 
seeded growth and studies into the effect of crystallinity on nanoparticle growth via 
this method have revealed that only single crystalline seed particles lead to 
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anisotropic growth. Small pentatwinned crystals on the other hand, as obtained from 
a reduction with NaBH4 in the presence of sodium citrate, trigger the formation of 
bipyramidal nanoparticles.[4] For a similar version of the seed growth approach, in 
which no silver nitrate is used, also the dependence on seed size and capping 
agents was tested.[16] However these results cannot simply be applied to the “silver 
nitrate using” modification of the seed growth approach. Therefore such parameters 
still have to be investigated. 
The seed solution which is usually applied to obtain single-crystalline nanorods, 
contains single crystalline gold particles of approximately 2-4 nm in diameter (Figure 
A.7).  
 
Figure A.7 Seed particles of a diameter of approx. 2-4 nm.  
 
However this solution is not stable over time. Within a few days a colour change from 
brown to pink can be observed, which is due to further growth of the particles. After 
2-5 days (depending on ambient conditions) the particles grow to an average size of 
6 nm (Figure A.8). This process can be accelerated by dilution with 10% of methanol 
or ethanol, removal of crystallized CTAB by filtration at room temperature or cooling 
to 4°C. In all of these cases, discolouration of the solution from brownish to pink was 
observed and UV-Vis spectroscopy showed the development of a plasmon peak at 
520-530 nm. This means, that gold is still depositing on the seed particles hours or 
even days after the reaction starts. Since the only difference to the nanorod synthesis 
is the absence of AgNO3, it is interesting to see if anisotropic growth can be induced 
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by adding AgNO3 to a seed solution directly after preparation. However, after doing 
so discolouration from brownish to pink only occurred after two days and UV-Vis 
spectroscopy showed the presence of one plasmon peak at 510 nm. This means, 
that the “seed-growth” approach is necessary to obtain the rod-shape.  
 
Figure A.8 Low magnification and high resolution TEM images of grown gold seeds, showing single 
crystallinity of the particles. 
 
Seed size 
TEM shows, most of the grown seed particles – just like the nanorods - are still 
single-crystalline (Figure A.8), therefore the effect of seed size on nanorod synthesis 
was studied while keeping capping agent (CTAB) and crystallinity (single crystals) 
the same. A similar study was reported in the literature.[16] There, capping agents 
and seed size was varied systematically. However, only the nanorod preparation 
without AgNO3 was used for particle growth, which is known to have a different 
growth mechanism than our system. Therefore, nanorod syntheses were performed 
with freshly prepared and aged (1d and 5d) seed crystals, which were characterized 
by UV-Vis and TEM measurements. UV-Vis spectra of the prepared nanorod solution 
and the corresponding seed crystals used are given in Figure A.9. Seed crystals after 
5 min and 24h do not exhibit major differences when observing the colour of the 
solution by eye (both solutions appear yellowish-brown) or by UV-Vis spectroscopy. 
Also TEM results (see Figure A.10) are not significantly different – in both cases, 
seed particle diameters are approximately 2-4 nm. However, nanorod dimensions are 
severely affected by the small structural differences. UV-Vis spectroscopy implies a 
distinct loss of anisotropy and an increase in particle concentration. TEM images 
corroborate this. The overall dimensions of the particles become larger (from l/w = 31 
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nm / 9 nm to 38 nm / 14 nm). This growth is more pronounced for the particle width 
and therefore the aspect ratio decreases.   
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Figure A.9 UV-Vis spectra of a) seed crystals (blue line: after 5 min, pink line: after 24h, green line: 
after 5d) and b) corresponding nanorods after 2h of reaction time (using seed crystals after 5 min: blue 
line, 24h: pink line, 5d: green line). 
 
In the case of the 5d old seed solution, the seed solution changes colour to light pink 
and UV-Vis spectroscopy shows the development of a plasmon peak at 525 nm. 
TEM depicts a more heterogeneous size distribution of particles, ranging from 2 – 
20 nm. Using these seed particles in the seed growth approach leads to a large 
fraction of spherical gold nanoparticles and a small amount of nanorods. The aspect 
ratio of nanorods is similar as in the case of 1d old seed solution, but again overall 
particle dimensions are higher (l/w = 49 nm / 17 nm). Additionally it can be observed 
that the distribution of particle widths gets wider with increasing age of seed. This is 
most likely due to the heterogeneity of the seed solution itself.  
Since the stabilization agent and the crystallinity (as derived from HRTEM) should be 
the same for all seed solutions in this experiment, other factors must be influencing 
particle growth. As observed with TEM, older seed solutions contain less defined 
particles (broader size distribution) with an increasing amount of larger particles. It is 
therefore possible that these bigger particles give rise to nanorods with larger 
dimensions and to spherical products. This would lead to the conclusion that smaller 
seed sizes lower the resulting overall particle dimensions but increase the aspect 
ratio and yield of nanorods. However additionally, in aged seed-samples some 
nanocrystals always appeared facetted, while others were rather spherical. This 
might be due to the orientation of nanoparticles on the TEM grid, but could also be a 
result of different morphologies of the single crystals. Shapes like octahedrons, 
a b
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cuboctahedrons and cubes are possible for fcc single crystals (depending on the 
ratio of growth rates along the [111] and [100] crystallographic directions)[17] and all 
these shapes will behave differently under nanorod growth conditions, giving rise to 
various shapes (rods, isotropic structures) and aspect ratios (growth rates length vs. 
width). 
 
 
 
Figure A.10 TEM images from corresponding seed crystal and nanorod solutions after concentration 
by centrifugation. On the left: seed solutions after a) 5 min, b) 24h, c) 5d; on the right: nanorod 
solutions 3h after addition of d) 5 min, e) 24h, f) 5d old seed solution. 
 
b 
c 
d
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Finally, over time also more subtle changes in the seed solution might occur, which 
cannot be observed with TEM but influence seed reactivity nevertheless. For 
example the CTAB double-layer stabilizing the particles is likely to undergo 
transformations during its build up, leaving particles with differently structured 
adsorption layers at different time points. Since it is known that adsorbents strongly 
influence the energies of crystal facets and thus their likeliness to grow, this might be 
an additional factor influencing final particle morphology. Although no ultimate 
conclusions can be drawn pinpointing the true causes of the loss of anisotropy and 
yield of gold nanorods with increasing seed age, the observed dependence 
underlines the importance of kinetic control in gold nanorod synthesis. 
 
Au55 seeds 
Since uniformly small, single crystalline seed particles seem to exhibit a higher 
tendency to support anisotropic growth, well-defined Au55 clusters (1,4 nm) stabilized 
with triphenylphosphin monosulfate sodium salt (TPPMS) were used as seeds (see 
Figure A.11). The exact molecular structure of the particles is Au55Cl6(TPPMS)12.[18]  
P
SO3Na
TPPMS, Na salt  
Figure A.11 Structure of an Au55 cluster (left) and the TPPMS ligand (right). 
 
Such particles are highly interesting for nanorod growth since they present a 
structurally well-defined starting material. The cluster seeds were used under 
conventional nanorod growth conditions and analysed via UV-Vis spectroscopy and 
TEM. A few minutes after addition of seed to the growth solution, a pink colour was 
obtained. UV-Vis spectroscopy was performed after 2h (see Figure A.12a) and a 
dominating plasmon peak at λ = 528 nm and a small peak at λ = 819 nm could be 
observed, indicating a small amount of anisotropic structures.  
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Figure A.12 a) UV-Vis spectrum of nanoparticles prepared with Au55 clusters after 2h and b) TEM 
image of the particles after centrifugation. 
 
This result is corroborated by TEM measurements that show the presence of a small 
fraction of nanorods with diameters of 6-7 nm and aspect ratios around 3-4 (Figure 
A.12b). It is likely that the lack of anisotropic growth in this case is due to the 
influence of the capping agent. The higher strength of the phosphor-gold bond when 
compared to CTAB hinders deposition of shape inducing agents such as silver and 
thus shape selective growth is impeded. 
 
Substrate bound seeds 
Finally, it was tested whether small gold nanoparticles which were deposited on a 
surface can be used as seed particles. Gold nanoparticles were deposited on a 
silicon substrate using a technique that was developed within the group.[19] Briefly, 
polystyrene-b-poly(2-vinylpyridine) block-copolymer micelles (PS1350-b-P2VP400) are 
loaded with tetrachloroauric(III) acid, so that the salt is only located in the core of the 
micelle and a silicon wafer is coated with a monolayer of this composite. Reduction of 
the gold salt to gold and removal of the organic material is done by applying oxygen 
plasma. The choice of correct reaction conditions leads to the formation of a 
hexagonally ordered monolayer of uncoated nanoparticles, which are considered to 
be polycrystalline or twinned. Nanoparticle size can be tuned by controlling the length 
of the polymer blocks. In this study, hexagonally ordered gold nanoparticles with a 
size of 10-15 nm were used. In order to grow particles, coated wafers were immersed 
into different growth solutions with and without silver nitrate, for different lengths of 
a 
b 
 Appendix A  
 215
times and with varying ascorbic acid content. Analysis was done with a field-emission 
scanning electron microscope (FESEM). In a first step, a standard growth solution 
without AgNO3 was applied to the substrate for 5, 10 and 30 min, since it is known 
from literature that twinned gold seed crystals do not require the presence of AgNO3 
to form gold nanorods.[4,20] After 5 and 10 min only hexagonally ordered spherical 
particles were obtained that had barely increased their size, while the 30 min sample 
exhibited mostly spherical shapes with approximately double their initial size but with 
complete loss of the hexagonal order. This is probably due to partial lift off of 
particles (Figure A.13).  
      
Figure A.13 FESEM micrographs of gold particles before (left) and after 30 min treatment (right) with 
a growth solution without AgNO3 containing 0,45 mM ascorbic acid. 
 
In order to reduce the loss of particle order by prolonged exposure to the growth 
solution, the amount of ascorbic acid was increased from 0,45 to 0,6 mM to make the 
particle growth more efficient. Exposure times were limited to 3 and 5 min. FESEM 
analysis showed that hexagonal order could be maintained but growth of mainly 
spherical particles was observed with a small portion of nanorods and triangles. For 3 
min growth time, particles were uneven in size with d(3 min) between 10-25 nm. After 
5 min, particle size was more uniform around 25-30 nm and the fraction of nanorods 
further increased (Figure A.14).  
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Figure A.14 FESEM micrographs of gold particles after 3 min (left) and 5 min treatment (right) with a 
growth solution without AgNO3 containing 0,6 mM ascorbic acid. 
 
To test the effect of silver nitrate on the best conditions so far (5 min growth, 0,6 mM 
ascorbic acid), AgNO3 was added to the growth solution to a concentration of 
0,12 mM. However, although growth was slightly inhibited giving particle sizes of 15 
to 25 nm, only spherical and irregular shapes were obtained and the hexagonal order 
was lost. Similarly, increasing the amount of ascorbic acid from 0,6 to 0,75 mM led to 
loss of the hexagonal structure for both 3 and 5 min reaction time and to the 
formation of uneven shapes.  
Thus, best reaction conditions only led to low nanorod yields and mostly formation of 
spherical particles. There are several likely reasons for the low selectivity of 
anisotropic growth: Firstly, the crystallinity of the deposited particles has not been 
studied extensively and therefore their structure and uniformity might deviate from 
the known pentatwinned and single crystalline seed particles. Additionally, the 
orientation of particles on the surface was not controlled. Therefore, the 
crystallographic faces which are accessible for gold deposition could vary, leading to 
different preferred morphologies for each seed crystal. Also, the size of the 
nanoparticles was quite large. As shown before, best suitable for nanorod growth are 
small particles below 5 nm. This is also true for the preparation of gold nanorods in 
the absence of AgNO3,[16] therefore the synthesis of smaller substrate bound 
nanoparticles might be beneficial for anisotropic growth. In order to improve the 
results, the characteristics of the deposited particles need to be better defined, so 
that more control can be exerted over the growth process.  
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In summary, the nature of the seed solution is essential for synthesizing nanorods. 
The seed size as well as the capping agent and crystallinity affect the growth 
drastically, making a well-defined seed morphology indispensable. 
 
A.2.3 Effect of the surfactant counterion 
The role of the surfactant counterion has only recently started to attract serious 
attention and studies have shown that its impact on nanorod growth can be 
dramatic.[7,8,10-13] In the following, it will be investigated which part of the reaction 
is influenced by the presence of bromide ions and how other ions act under the same 
conditions. 
In a first step, the role of halides in Au(I) stabilization was studied. Without the 
presence of CTAB or other bromide salts, ascorbic acid immediately reduces Au(III) 
to elemental gold, leading to a deep blue solution (development of nanoparticles) and 
after a few minutes to precipitation of bulk gold (agglomeration). This leads to the 
conclusion that the presence of either the CTA+ ions or the halide counter ions 
stabilize the Au(I) species present in the conventional growth solution. In order to 
gain more information on this stabilization process, chloride ions in the form of NaCl 
were used in the growth solution instead of CTAB. The resulting solution displayed a 
light turbidity due to the formation of AgCl colloids. Beside this, the Au(III) solution 
remained stable. Addition of ascorbic acid immediately led to decolouration of the 
yellow solution, but within 1 min the solution turned blue, indicating the development 
of large nanoparticles. 1h later, precipitation of gold occurred. Thus, an excess of 
chloride ions can retard the reduction of Au(III) but cannot stabilize Au(I). 
Additionally, the presence of CTA+ obviously stabilizes AgCl- (and AgBr-) species 
against precipitation, e.g. by complexation on the surface of positively charged 
surfactant micelles, since turbidity is only observed in the absence of CTAB.  
In the next step, a standard growth solution was prepared where CTAB was 
substituted by KBr to test whether bromide ions behave differently in comparison to 
chloride. Upon addition of AgNO3 to a KBr containing aqueous solution, the mixture 
turned opaque due to the formation of colloidal silver bromide species, as also 
observed for NaCl. Addition of HAuCl4 and ascorbic acid solution led to the 
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development of a deep orange colour due to the formation of Au-Br-complexes 
(AuBr4-) followed by decolouration, which is a sign of reduction of Au(III) to Au(I). The 
solution remained colourless for approximately 20 min then turned purple before a 
grey-black precipitation appeared and the solution turned yellowish. This experiment 
shows that contrary to chloride, bromide alone without the presence of the cetyl 
trimethylammonium cation can shortly stabilize Au(I) in the form of the AuBr2- 
complex. After several minutes, disproportionalization rather than further reduction 
takes place, leading to the formation of a yellowish solution (Au(III), AuBr4-) and 
precipitation (Au(0)). UV-Vis spectroscopy supports this theory, showing the 
development of two peaks at 380 nm and 570 nm with ongoing reaction time. The 
first peak is typical for AuBr4- and the latter signifies the development of large gold 
nanoparticles (Figure A.15). 
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Figure A.15 UV-Vis spectroscopy of Au(I) disproportionation in the presence of Br- ions (from black to 
light grey line: after 1 min, 5 min, 15, min, 30 min).  
 
Addition of seed solution to a growth solution only containing KBr instead of CTAB, 
increased the speed of disproportionation to Au(III) and a gold precipitate, since 
bromide ions alone cannot stabilize nanoparticles against aggregation. Therefore, 
other Au(I) stabilizers which should also be able to sterically stabilize gold 
nanoparticles will be discussed in the following part of this chapter (section A.2.4). 
There the significance of Au(I) in the nanorod synthesis will be investigated further.  
 
Since bromide ions alone cannot stabilize nanoparticles, the effect of an excess of 
KBr in addition to CTAB was tested. For this, three nanorod syntheses were carried 
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out: 1.) A reference synthesis containing the regular amount of CTAB (8 mM), 2.) a 
synthesis containing a higher amount of CTAB (15 mM) and 3.) a synthesis 
containing CTAB in a concentration of 8 mM and KBr so that the overall 
concentration of bromide ions is 15 mM. UV-Vis spectroscopy (Figure A.16) shows, 
that raising the amount of CTAB leads to a redshift of the longitudinal plasmon peak 
and an increase in peak height, suggesting higher aspect ratios and yields of gold 
nanorods. However this effect is even more pronounced in the presence of KBr. In 
this case, an even stronger redshift of the plasmon peak is observed with 
approximately equal maximum absorbance compared to the reaction containing 15 
mM CTAB. After one week, this trend is still observable, proving that long-term 
stability is similar in all cases. 
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Figure A.16 UV-Vis spectroscopy of gold nanorods after 1d, prepared via the standard procedure 
(black line), with a larger excess of CTAB (green line) and with additional KBr (blue line) in the growth 
solution. 
 
This leads to the conclusion that although CTAB is necessary to stabilize 
nanoparticles in solution, the presence of bromide seems to be even more critical 
when it comes to determining the aspect ratio of nanorods. Presumably, bromide 
aids the shape regulative effect of silver either by mediating its deposition on the 
nanorod surface facets or even by co-adsorption, so that a partially ionic layer is 
formed, which hinders deposition of gold. 
Since nanorods cannot directly be synthesized without the presence of CTAB, it was 
tested whether treatment of gold nanorods with KBr post-synthesis might improve 
aspect ratios. Therefore, conventionally prepared nanorods were subjected to a 
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second growth solution only containing KBr and no CTAB. However this led to the 
development of a fine, light purple precipitation. The colour of the precipitate did not 
point to aggregation of nanorods – if the nanostructuring had been lost, the solid 
should have been black. This suggests that another insoluble substance develops 
upon addition of KBr and co-precipitates with non-aggregated nanorods. This 
compound could be AgBr, which is known to have a low solubility in water and can 
only be kept in solution in the presence of CTAB. To test this theory, it was attempted 
to dissolve the precipitate in concentrated ammonia, since AgBr is known to be 
soluble under these conditions. Indeed, a purple solution was obtained that remained 
stable for several days. Apparently, the surplus of bromide together with the lack of 
CTA+ destabilized the colloidal silver halide species in the reaction mixture, which led 
to precipitation. TEM images of the ammonia solution showed that the nanorod 
shape was compromised – mainly spherical and low aspect ratio nanorods were 
obtained - and after several days aggregation of the nanoparticles occurred. This 
could be a combined consequence from the high pH together with the absence of 
CTAB. This observation confirms that although bromide plays an important role in the 
shape evolution of gold nanorods, it cannot stabilize the particles without a significant 
amount of CTAB.  
 
Another question in this context is, to what extend the other ions present in the 
standard nanorod solution might hinder the nanorod preparation. It has been pointed 
out many times that the presence of impurities and small amounts of ions can have a 
drastic effect on nanoparticle morphology.[7,8,10-13] Therefore HAuCl4 was replaced 
with HAuBr4 in the seed and the growth solution in order to find out whether the 
nanorod synthesis can be improved by removing the chloride ions (which have 
proven inefficient in aiding the Au(I) stabilization) from the reaction solution. UV-Vis 
spectroscopy showed no dramatic differences between the two nanorod solutions 
after a few hours. Only after 7 weeks, some changes in the rod development could 
be observed. Nanorods in pure bromide solution seemed to loose their anisotropy to 
a lesser extent than nanorods in the presence of chloride ions (Figure A.17).  
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Figure A.17 UV-Vis spectra of gold nanorods prepared in the presence (black line: after 4h, grey line: 
after 7w) and in the absence of chloride ions (dark green line: after 4h, light green line: after 7w).  
 
Apparently, the presence of chloride ions does not inhibit nanorod growth to a 
significant extent and the amount of additional bromide from using HAuBr4 is not 
large enough to have a dramatic effect. Since the instability of nanorods over time 
was ascribed to surface reconstruction which is sensitive to the presence of ions, 
chloride ions might influence the reconstruction process differently than bromide ions. 
Indeed, it can be found in the literature that bromide ions bind more strongly to the 
gold surface than chloride.[10,12] Thereby the surface energy is lowered to a greater 
extent and the reconstruction process might be slowed, thus leading to slower loss of 
anisotropy.  
All in all, bromide has an important part to play in the preparation of anisotropic gold 
nanocrystals, however, the role of the CTA+ ions seems equally important. While 
bromide most likely assists the shape selectivity together with silver, the importance 
of CTA+ seems to be multifaceted. Among others, CTA+ improves the stability of 
Au(I) and thus lowers the reaction rate, which is an important factor in nanorod 
growth. Additionally, it acts as stabilizer against particle agglomeration and prevents 
the precipitation of silver halides. In the next sections, the role of CTAB will be 
investigated further by exchange of the surfactant against other particle and / or Au(I) 
stabilizers. 
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A.2.4 Replacement of CTAB with other Au(I) stabilizers 
CTAB most likely plays a multifaceted role within the preparation of gold nanorods, 
including stabilization of nanoparticles and of Au(I). It was shown that the surfactant 
counterion (see section A.2.3) influences particle growth. Additionally, the exact 
structure of the amphiphilic ammonium ion has a strong impact on crystal 
morphology as shown for the silver-free syntheses in literature[7,8] and corroborated 
in this work for C12TAB in the silver-mediated seeded growth approach (see A.2.5). 
That effect is probably due to changes in aggregation behaviour (bilayer formation) 
and differences in Au(I) stabilization. Until now, most literature studies revolving 
around the function of CTAB in anisotropic growth have investigated structurally 
similar compounds in order to compare performance. Thus, it would be interesting to 
search for other chemical agents, which can act analogously to CTAB (stabilization of 
nanoparticles and Au(I)) but are structurally different. Triton X-100 is a non-ionic, 
amphiphilic macromolecule based on poly(ethylene oxide). According to literature, 
this surfactant can be used in the synthesis of spherical gold nanoparticles. In this 
protocol, monodisperse gold nanospheres with diameters of 20-110 nm were grown 
from photochemically produced seed particles stabilized by Triton X-100 in the 
presence of HAuCl4, Triton X-100 and ascorbic acid.[21] Since this reaction 
procedure is very similar to the nanorod synthesis, it was attempted to apply the 
surfactant to the nanorod synthesis. Additionally, a second structurally similar 
surfactant was tested, Tween 20. Like Triton, Tween 20 is a non-ionic, amphiphilic 
macromolecule based on poly(ethylene oxide), therefore, stabilization properties for 
gold might be similar (for chemical structures see Scheme A.2).  
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Scheme A.2 Chemical structure of Triton X-100 (n = 9, Mn = 600 g/mol, left) and Tween 20 (w+x+y+z= 
20, Mn = 1227 g/mol, right). 
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Tween 20 has a branched structure consisting of a sorbitan core and short 
poly(ethylene oxide) chains with an overall molecular weight of 1227 g/mol. In order 
to obtain the amphiphilic character, alkyl chains (C11) are attached to the end of a 
fraction of these PEG chains.  
Preparing the growth solution with Tween 20 under the usual growth conditions was 
not possible due to nucleation of nanoparticles within 1 min after addition of ascorbic 
acid. Under these conditions, UV-Vis spectroscopy and TEM showed the presence of 
mainly spherical particles with a quite broad size distribution (d = 31 ± 13 nm) and a 
low amount of nanorods with varying aspect ratios. The polymer layer around the 
nanoparticles could be visualized by TEM (without staining), proving the stabilizing 
properties of Tween for gold.  
 
Figure A.18 TEM of gold nanoparticles obtained in the presence of Tween 20.  
 
In order to obtain a stable Au(I) species and to improve particle size homogeneity, 
the ascorbic acid content was reduced to 0,4 eq relative to Au(III). Addition of seed 
solution led to colouration after 10 min, however UV-Vis and TEM investigations 
indicated even lower amounts of anisotropic structures. Mainly spherical particles 
with a narrower size distribution (d = 26 ± 5 nm) were obtained. Particle synthesis 
was also possible in the absence of ascorbic acid. Addition of seeds to a Au(III) 
containing growth solution led to a pink colouration after 15 min, however particle 
shape selectivity was not improved. The main products were still gold nanospheres 
with a small amount of rods and triangles. 
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Thus, with Tween 20 as surfactant, it was possible to synthesize nanoparticles with 
spherical size and different size distributions. However, since particle synthesis with 
Tween exhibited no tendency to form other shapes independent of reaction 
conditions, it was abandoned as surfactant for rod synthesis. 
 
Although it was not possible to obtain selectivity for anisotropic nanoparticle shapes 
during preparation with Tween 20, a similar compound – Triton X-100 – was also 
investigated to see if higher selectivity might be achieved. Triton X-100 consists of a 
poly(ethylene oxide) backbone with hydrophobic, aromatic side chains (Scheme A.2, 
Mn ≈ 600). It is well soluble in water and is reported to have its cmc at 0,22 mM 
(30°C). Triton has been reported to yield spherical nanoparticles via a photochemical 
seeded growth, which is similar to the procedure used for gold nanorod synthesis 
and thus might prove efficient in this synthesis, as well.[21]  
Preparation of the growth solution by using 0,01M Triton X-100 and 1,5 eq of 
ascorbic acid with regard to the amount of gold salt, did not yield a stable Au(I) 
solution but led to nucleation and formation of gold nanoparticles. Interestingly, the 
particles obtained were not spherical but rather branched or star-shaped (Figure 
A.19). 
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Figure A.19 UV-Vis spectrum (left) and TEM image (right) of branched gold structures obtained with 
Triton X-100 without addition of seed solution. 
 
A similar particle structure has been observed when adjusting the concentrations 
during seeded growth in the presence of CTAB and AgNO3 but also when reducing 
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gold salts in the absence of seed particles and surfactant.[22,23] In these cases 
formation of the star-like shape was ascribed to predominant growth of {111} facets. 
This points to predominant stabilization of these crystal faces by Triton X-100, so that 
particle structures dominated by {111} facets are obtained as opposed to spherical 
shapes, which would be expected if minimization of the surface energy was the 
driving force. 
In order to investigate whether shape selectivity for rodlike morphologies is possible 
under growth conditions more similar to the conventional nanorod synthesis, it was 
attempted to improve the stability of the Au(I) species in Triton solution and retard the 
particle formation process. In this context, the effect of increasing the surfactant 
concentration and decreasing the amount of reducing agent was tested. Lowering the 
amount of ascorbic acid (0,7 eq, 0,5 eq, 0,2 eq, 0 eq compared to Au(III)) led to 
higher stability against nucleation (solutions remained stable for 5-10 min), but also 
to increased amounts of unreduced Au(III) (yellow colour of solution). Addition of 
CTAB-coated seeds to these growth solutions always led to colouration within a few 
minutes, yielding a large fraction of spherical particles and a smaller amount of rods 
and triangles. However, the control over particle morphology diminished with 
decreasing amount of reducing agent. Especially for 0,2 eq and 0 eq of ascorbic acid, 
less facetted shapes were obtained and particle dimensions increased (from 20 nm 
for 0,7 eq to 100 nm in the absence of reducing agent). Without ascorbic acid, 
particles were large and irregular. (The fact that even without ascorbic acid, reduction 
of the gold salt takes place slowly might be explained by the catalytic effect of the 
seed particles and the reducing nature of PEO, present in the surfactant.[24]) 
Therefore, the following experiments were done with the highest amount of ascorbic 
acid that did not directly lead to nucleation (0,7 eq). 
The amount of surfactant was varied next to test whether anisotropic structures could 
be prepared. Increasing the concentration of Triton to 0,05M and 0,08M led to a main 
absorption peak at λmax = 530 nm in both cases with an absorption shoulder at λmax ≈ 
750 nm for the lower and a long tailing with no clear maximum for the higher 
concentration. TEM depicted slight changes in particle shape composition. In both 
cases, mostly spherical products were obtained (85-90% according to TEM), but 
while the 0,05M solution gave a certain amount of nanorods (5%) with differing 
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aspect ratios and triangles (5%), the 0,08M mixture led to a significant amount of 
triangles (13%) and almost no rodlike shapes (<1%).  
   
Figure A.20 TEM images of gold nanoparticle solutions containing a) 0,05M and b) 0,08M Triton X-
100. 
 
Since all the syntheses done with Triton X-100 show potential for the formation of 
non-spherical shapes, it was tried to improve the selectivity by lowering the reaction 
temperature, thus lowering the reaction rate. Conventional nanorod growth usually 
takes 15 min to 1h until visible colouration of the solution due to particle growth can 
be observed. It is highly likely, that the slow reaction kinetics is an important factor in 
anisotropic growth, making distinction between different growth directions (i.e. 
different crystal faces) possible. However, in previous experiments in the presence of 
Triton X-100 colour developed within a few minutes in most cases. Reducing the 
reaction temperature to 4°C should significantly slow particle growth. The best 
conditions for nanorod growth (0,7 eq of ascorbic acid, 0,05M Triton X-100) were 
chosen and subjected to cooling in an ice bath before seed solution was added. 
Under these conditions, colouration occurred after 25 min. UV-Vis spectroscopy 
showed a slightly larger peak at λmax ≈ 820 nm, however, the main peak was still 
positioned at 530 nm and TEM images corroborate the presence of mainly spherical 
particles (~90%) with only a slightly increased fraction of nanorods with differing 
aspect ratios (~2%) and triangles.  
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Figure A.21 UV-Vis spectra of gold nanoparticles obtained by seeded growth with Triton X-100 at 
room temperature (grey line) and at 4°C (black line). 
 
Although slight changes in shape selectivity could be achieved by changing reaction 
conditions and reaction rate, the amount of non-spherical shapes remained minor in 
all cases. Additionally, the tendency to form nanorods was always lower than that to 
form triangles, which fits to the observation of branched particles when no seed was 
used. Both particle shapes are dominated by {111}, so that a certain affinity of Triton 
to this crystal facet can be concluded.  
All in all, although it was possible to find surfactants able to stabilize Au(I) and gold 
nanoparticles, and reaction kinetics could be slowed to a similar order of magnitude 
as in the conventional nanorod synthesis, anisotropic particles could not be obtained 
selectively. Triton showed higher tendencies to support anisotropic growth, giving 
rise to branched, triangular and rod-like shapes, however, yields of non-sphercial 
particles could not be pushed higher than 15%. This implies, that although Au(I) 
stability and slow growth rates might be an important factor in anisotropic growth, 
they are not sufficient conditions for the preparation of gold nanorods.  
 
A.2.5 Replacement of CTAB with other ammonium ions 
In the last two sections, it was shown that the surfactant counter ion, Au(I) and 
nanoparticle stability cannot alone induce shape selective crystal growth. Therefore, 
in this part the effect of the structural characteristica of the CTA+ ion is examined. 
Different (mostly polymeric) ammonium ions were tested for their ability to support 
nanorod growth. If it was possible to obtain nanorods in the presence of polymers, it 
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would not only be a big step towards clarification of the growth mechanism, but 
strategies might be developed to drastically reduce the cytotoxicity of the as-
prepared particles for biomedical applications.   
The first system to be tested is modified polyglycidol (PG). This class of polymers is 
biocompatible and the high number of functional groups along the main chain should 
make functionalization simple. Thus a one-step synthesis of polyglycidol-coated gold 
nanorods would be highly desirable. In this work, a low-molecular weight polyglycidol 
(Mn = 980 g/mol) with one pendant trimethylammonium group, attached via a short 
alkyl chain, was used (see Figure A.22). The C12-NMe3+ chain end was introduced to 
mimic the CTAB structure, which should facilitate the attachment and ordering of the 
polymer chains on the nanoparticle surface. As counterions CF3COO- as well as Br- 
was used.  
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Figure A.22 Structure of the modified polyglycidol as used in this work. The counterion X- is either 
CF3COO- or Br-. 
 
In the case of CF3COO-, application of the polymer to the conventional nanorod 
synthesis instead of CTAB led to very slow particle growth upon seed addition. The 
solution remained yellow-brown (colour of the polymer solution) for several hours 
before it turned pink and a fine, light-brown precipitation appeared. UV-Vis 
spectroscopy showed only one peak, indicating the presence of only spherical 
particles. TEM corroborated the presence of nanospheres (d = 10-20 nm) together 
with a fraction of smaller seeds (d =2-3 nm) and larger (d = 100-1000 nm), irregular 
particles, which were probably the reason for the precipitation observed. Surprisingly, 
a significant extent of particles appeared twinned (Figure A.22), although a 
conventional CTAB containing seed solution was used, which usually leads to the 
formation of single-crystalline particles.  
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Figure A.23 TEM image of gold particles obtained in the presence of PG with CF3COO- counterions. 
 
It is known from literature, that the structure of very small gold or silver particles (d < 
5 nm) can fluctuate between single-crystalline and twinned morphologies.[25] 
Depending on reaction conditions, the seed is locked in one structure when particle 
growth progresses. Since our seeded growth approach in the presence of CTAB 
usually yields single crystalline particles, the introduction of the PG polymer must 
have induced the structural change, which would also explain the absence of 
anisotropic structures. This as well as the presence of precipitating large particles 
might at least partially be due to the presence of CF3COO-. Although this anion does 
not interfere with particle stability post synthesis (see chapter 9: Functionalization 
with amino acid sequences), its impact during nanorod synthesis is not known. 
Therefore, in the next step, polyglycidol with bromide counter ions was applied. 
Although the presence of ammonium and bromide ions should be sufficient to 
stabilize Au(I), the solution turned pale blue within a few minutes after addition of 
ascorbic acid. Figure A.24 shows an electron micrograph depicting the obtained 
spherical particles with diameters between 10 and 30 nm. Interestingly, most 
particles appear to have a Janus-like structure - they carry a polymeric tail (since 
silver cannot be reduced under the reaction conditions, the polymer is the most likely 
compound to exhibit such contrast in TEM images and interact with gold). It is not 
clear, why the polymeric chains arrange around the nanoparticles in such a way. 
Most likely, particles are coated by a thin layer of polymer, which would be plausible 
since particles do not agglomerate over time and therefore should not have uncoated 
sides as indicated by TEM. But also self-assembly to micelles or vesicles due to the 
polymer’s amphiphilic character sould take place. These vesicles interact with the 
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stabilizing layer around the nanoparticles, forming a “polymeric tail”. Similar 
observation have been made in the literature with a three component ligand system 
for gold nanoparticles.[26] However, further investigations into the shell structure and 
composition might be necessary to elucidate the mechanism involved.  
 
Figure A.24 Gold nanoparticles exhibiting a „polymer tail“, synthesized with PG (counterion: Br-) 
without addition of seeds. 
 
It was attempted to circumvent uncontrolled nucleation by direct addition of seed 
solution without previous reduction to Au(I) with ascorbic acid, however under these 
conditions, the Au(III) solution remained stable and no particles developed. In order 
to test, whether addition of seed might still be advantageous to selective particle 
growth, seed solution was added to a freshly prepared growth solution before 
colouration and particle formation took place. The solution immediately turned pink. 
UV-Vis spectroscopy depicted a main peak at λmax = 540 nm and an absorption 
shoulder around 650 nm, indicating anisotropic structures (Figure A.25). With TEM 
only spherical particles with diameters between 10 and 50 nm could be observed, 
both of which should only give absorption peaks below λmax = 550 nm. This means, 
that anisotropic structures were probably too low in concentration to be found with 
TEM.  
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Figure A.25 UV-Vis spectrum of gold nanoparticles obtained with PG after seeding. 
 
Although a certain amount of anistropic structures probably were obtained with the 
help of polyglycidols bearing ammonium groups, the efficiency is extremely low. A 
problem might be the hydroxymethyl side chains of PG, which add to the steric 
requirements of the polymer and might thus hinder the formation of well-defined 
monolayers on nanoparticle surfaces, which hinder gold deposition on selective 
crystal sites. In order to test if effectiveness could be boosted by enhancing the ability 
of the polymer to self-assemble into layers, small amounts of dodecyl 
trimethylammonium bromide (C12TAB) were added. This is a surfactant which has a 
minor tendency to produce anisotropic particles and since the alkyl chain lengths of 
the surfactant and the polymer are equal C12TAB should fit well into monolayers 
consisting of the modified PG. Thereby the ability of the modified polyglycidol to self-
assemble on nanoparticle surfaces and thus anisotropic growth might be enhanced.  
In order to fix a point of reference, nanorod synthesis was done with C12TAB in 
various concentrations (20-160 mM). At concentrations between 40 and 160 mM, 
UV-Vis spectroscopy only indicated the presence of low-aspect ratio nanorods in 
small quantities (absorption shoulders or small peaks at λmax,long ≈ 600 nm). Only the 
concentration of 20 mM gave high-aspect ratio nanorods in low yields (λmax,long ≈ 
1000 nm, see Figure A.26). Trends that could be observed were: Increasing amounts 
of C12TAB lead to slightly higher yields of anisotropic shapes in comparison to 
spherical products, but aspect ratio decreased as well.  
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Figure A.26 UV-vis spectroscopy of nanorod syntheses with C12TAB (from dark blue to light blue: 160 
mM, 80 mM, 40 mM, 20 mM C12TAB).  
 
Addition of the modified polyglycidol (24 mM) to the different C12TAB containing 
growth solutions did not yield significant improvements in nanorod yield or aspect 
ratio.  Figure A.27 compares the UV-Vis spectra of particles obtained in the absence 
and in the presence of polyglycidol. For C12TAB concentrations of 40-160 mM, slight 
red-shift of the longitudinal plasmon peaks of approximately 20 nm could be 
observed. However yields could not be improved. In the case of 20 mM C12TAB, a 
reduction of both yield and aspect ratio was observed.  
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Figure A.27 UV-vis spectroscopy of nanorod syntheses with C12TAB alone (blue curves) and C12TAB 
/ PG (pink curves). PG concentration was 24 mM in all cases, C12TAB concentrations were a) 160 
mM, b) 80 mM, c) 40 mM, d) 20 mM. 
 
a b 
c d 
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TEM corroborated the presence of spherical nanoparticles as the main product in all 
samples and smaller amounts of short nanorods. Thus, it was not possible to find 
anisotropic growth inducing properties for modified polyglycidols as main or co-
surfactant. Probably the side chains of polyglycidol hinder the formation of a dense 
monolayer on the nanorod side facets, making its passivating effect against gold 
deposition less effective. Another possibility is that the change of particle surface 
charge might affect mass transport (of Au or Ag) to the gold surface. In the case of 
CTAB, a double layer is formed on the particle, leaving a positively charged outer 
layer that will most likely interact with the different metal species (Ag as well as Au-
halogenides) and control their deposition in terms of kinetics (speed) as well as 
location of deposition. In the case of polyglycidol, on the other hand, a monolayer is 
probably formed, leaving only hydrocarbon chains and hydroxyl groups at the particle 
surface. These groups will interact very differently with metal ions and salts and 
might thus change the delicate equilibrium of gold and silver deposition that controls 
anisotropic growth. Therefore, as the following step, ammonium ions with surfactant 
properties were tested for nanorod growth. Bilayer forming gemini surfactants (which 
will be discussed separately in Chapter 5) and esterquats based on oleic acid and 
hydrogenated tallow acid were tested as well as modified polyethylene imines and 
modified chitosan, which due to their brush-like structure should yield a similar 
surface as in the case of CTAB. 
The esterquats which were chosen are depicted in Scheme A.3.[27] MS274 and 276 
are quaternary ammonium ions with two long alkyl chains containing ester groups 
and methylsulfate counterions. In the case of MS274 (oleic acid based) 90% of the 
chains contain one double bond, in the case of MS276 (hydrogenated tallow acid 
based) no unsaturation is present. A conventional nanorod synthesis was performed 
and surfactants were added in a concentration of 0,27 M. Optical microscopy showed 
the presence of spherical vesicles and long as well as short wormlike structures, 
proving that the aggregation behaviour was not negatively influenced by the 
presence of salts in the growth solution. However when MS276 was used, addition of 
the gold salt led to a light blue solution, which turned dark when ascorbic acid was 
applied. UV-Vis spectroscopy showed a plasmon peak at 545 nm and TEM images 
illustrated the presence of irregularly shaped nanoparticles. The formation of gold 
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particles in the absence of reducing agent, points to an interfering impurity. Thus, this 
compound was not investigated further. 
MS274:
MS276:
N
O
O
C
O
C
O
16
16
CH3OSO3
oleic acid based, 90%
unsaturation, i.e. 90%
of chains contain one double
bond
hydrogenated tallow acid based,
0% unsaturation, i.e. no chains
contain double bonds
N
O
O
C
O
C
O
16
16
CH3OSO3  
Scheme A.3 Structures of esterquats which were applied to gold nanoparticle growth. 
 
MS274 on the other hand gave a stable Au(III) solution. Upon addition of ascorbic 
acid decolouration was observed but Au(I) was not stabilized well and after 5 min a 
purple colour appeared. UV-Vis spectroscopy depicted a plasmon peak at 521 nm 
and TEM images showed mainly spherical particles. Few nanorods were also 
observed, but their structure was rather uneven, partly wire-like and dimensions were 
larger (~30 nm) than for conventionally prepared rods (Figure A.28). Additionally, the 
contrast especially of the spherical particles indicates twinning rather than single-
crystallinity, which points to a changed growth mechanism. These observations 
together with the fact that no stabilization of Au(I) could be obtained points the 
presence of an unknown impurity, which is interfering with the growth process.  
 
Figure A.28 Gold nanoparticles obtained by seeded growth with esterquat MS274. 
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As a second system a modified poly(ethylen imine) with a molecular weight of 25 000 
was investigated.[28] 12 mol% of the nitrogen atoms in the polymer chain were 
derivatized with C12 alkyl chains, another 12 mol% with quaternary ammonium 
groups and 0,2 mol% with pyrene (ammonium counterion: iodide; for structure see 
Scheme A.4). 
with R =
H2
C N
3
I
C12H25
H2
C
N
O
O
NH
O
O
R
OH
n
 
Scheme A.4 Structure of modified poly(ethylene imine) as used for nanoparticle synthesis (12 mol% 
of the nitrogen atoms in the polymer chain were derivatized with quaternary ammonium groups, 12 
mol% with C12 alkyl chains and 0,2 mol% with pyrene).  
 
The quantity of polymer for nanoparticle synthesis was chosen so that the 
concentration of quaternary ammonium groups amounts to 0,04 M; the remaining 
reagents were used in their usual concentrations. Reduction with ascorbic acid gave 
a stable Au(I) solution and upon addition of seed solution blue colouration of the 
solution was observed after ~1 min. The plasmon peak of the solution occurred at 
545 nm and appeared slightly split (Figure A.29a), therefore TEM experiments were 
performed to distinguish whether spherical or other structures had been produced. 
As depicted in Figure A.29b, TEM showed the presence of spherical particles with a 
bimodal size distribution, which explains the double peak in the UV-Vis spectrum. 
Thus, also in this case no anisotropic particles could be obtained. 
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Figure A.29 UV-Vis spectrum (a) and TEM image (b) of particles with bimodal size distribution 
obtained with a modified poly(ethylene imine). 
 
Finally, a similarly modified chitosan was applied with a molecular weight of 
approximately 5800 g/mol. The amino groups of this polyaminosaccharide were 
derivatized with C12 alkyl chains (34 mol%), quaternary ammonium groups (51 mol%) 
and acetyl groups (0,15 mol%) as shown in Figure A.30.[29]  
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Figure A.30 Structure of chitosan as used for nanoparticle synthesis (x = 0,34; y = 0,51; z = 0,15) 
 
The chitosan derivative was applied to a conventional nanorod synthesis 
(concentration of ammonium ions: 0,1 M). Under these conditions a stable Au(III) 
solution was obtained, however, Au(III) could not be reduced to Au(I) with ascorbic 
acid. Even the addition of a larger excess of ascorbic acid (up to threefold) did not 
lead to a reduction. Switching to a stronger reducing agent (NaBH4) led to a brief 
brown colouration, which turned back to orange-yellow within a few hours. More than 
b
a 
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fivefold excess of the strong reducing agent NaBH4 was necessary to obtain gold 
nanoparticles (colour change from yellow to brown to red, λmax = 531 nm), however, it 
was not possible to stop reduction at the Au(I) level. TEM images of the particles 
obtained after this one-step reduction show spherical particles, with a diameter of 12 
nm and a relatively narrow size distribution (±3 nm). 
It is highly likely, that the polysaccharide used here, was more easily reducible than 
the Au(III) species in solution (e.g. ring opening of the glucosamin rings). Therefore 
no Au(I) or nanoparticle formation could be observed at equimolar concentration of 
reducing agent. Only under very strong reducing conditions could particle formation 
take place. However, at that point the structure of the chitosan is undefined (partially 
reduced) and particle formation occurs quickly, so that no ideal conditions for 
anisotropic growth could be maintained. Additionally, both the modified poly(ethylene 
imine) as well as the chitosan derivative contained iodide as counterion. Although 
this ion did not visibly interfere with the growth process, a recent publication states 
that anisotropic growth might be inhibited in the presence of I- due to adsorption on 
and passivation of the {111} crystal facets of gold nanorods.[30] 
 
All in all, different ammonium ions with different properties were screened with 
respect to their ability to induce anisotropic growth. However, neither polymeric nor 
amphiphilic compounds were suitable growth directing agents. This is probably due 
to the multifacetted role which CTAB plays within nanorod synthesis which is difficult 
to completely transfer to another compound. Obvious tasks are particle and Au(I) 
stabilization, but also include more subtle functions like control of Au- and Ag-
deposition kinetics / mass transport (e.g. complexation of anionic metal species). 
Thus, more promising candidates for CTAB-replacement are gemini surfactants, 
which will be discussed in detail in the following chapter. The structural similarity to 
CTAB should make its replacement easier (Au(I) and nanoparticle stabilization) and 
their bi-amphiphilic nature could lead to improved double layer density on the flat 
nanorod surfaces and increased charge density, aiding in the control of mass 
transport processes. 
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A.3 Conclusions 
In this chapter, several parameters influencing nanorod preparation were 
investigated including morphology of seed particles, and the structure of surfactant / 
capping agent. It was found that for seeds, structure and size as well as capping 
agents play an important role. Seed particles have to be single crystalline and small 
(d<5nm), however, in case of Au55 clusters nanorod formation did not take place, 
which is at least partially ascribed to adverse effects of the clusters’ capping agent. 
The surfactant’s role proved to be particularly multifaceted. Not only is CTAB 
important for nanoparticle stabilization and Au(I) formation, also its particular 
structure seems to be important: Anions cannot readily be exchanged against 
hydroxyl or chloride ions, but excess bromide can enhance the efficiency of the 
nanorod synthesis. Also, CTA+ could neither be exchanged against other ammonium 
ions with or without amphiphilic character nor against other alternative Au(I) 
stabilizers. That means, that next to Au(I) and particle stabilization, CTAB must also 
fulfil other functions like control of metal-deposition kinetics and mass transport, that 
are not yet understood in detail.  
Nevertheless, it should be noted, that recent publications have proven that subtle 
changes in the reaction mixture have a dramatic influence on particle 
evolution.[12,15,30] Therefore, the introduction of new compounds into the growth 
solution always has to be evaluated with care, since (catalyzing or inhibiting) 
impurities will be exchanged as well.  
 
A.4 Materials and Methods 
Materials. Tetrachloroauric(III) acid trihydrate (ca. 52% as Au), 
dodecyltrimethylammonium bromide (C12TAB) and Triton X-100 were purchased 
from Fluka. Sodium borohydride, L-(+)-ascorbic acid, AgNO3 and tetrabromoauric(III) 
acid hydrate were purchased from Aldrich. Sodium hydroxide and sodium chloride 
were obtained from KMF and hydrochloric acid, xylene, ethanol and methanol from 
VWR. Cu2(SO4)3 x 5H2O, potassium bromide and Tween 20 were purchased from 
Merck, AppliChem and Roth, respectively. Esterquats were obtained from BASF. 
Cetyl trimethylammonium bromide (CTAB) was obtained from different suppliers, 
 Appendix A  
 239
including Fluka, Sigma and Merck. Polymers, applied in this chapter, as well as 
Au55Cl6(TPPMS)12[31] were available to the working group. All chemicals were used 
as received. Bidistilled water was used in all syntheses (Elga Purelab Ultra Plus UV). 
Conventional nanorod synthesis. Nanorods were prepared via a seed mediated 
growth procedure on the basis of the reports published by El-Sayed et al [5]. In a 
typical nanorod synthesis, a growth solution was prepared by mixing aqueous silver 
nitrate stock solution (100 µL, 0,8 µmol), CTAB stock solution (4 mL, 0,8 mmol), 
bidistilled water (4,6 mL), and a stock solution of hydrogen tetrachloroauric(III) acid 
trihydrate (1,4 mL, 4,2 µmol) in the given order and stirring at room temperature. The 
yellow solution turned colorless upon addition of aqueous ascorbic acid solution (90 
µL, 4,5 µmol). 
A seed solution was prepared by mixing CTAB stock solution (5 mL, 1 mmol), 
bidistilled water (4,2 mL), and a stock solution of hydrogen tetrachloroauric(III) acid 
trihydrate (0,8 mL, 2,4 µmol) in the given order. Under vigorous stirring freshly 
prepared, ice-cold, aqueous sodium borohydride solution (0,6 µL, 6 µmol) was added 
and the solution turned from orange to yellow-brown. Seed solution (12 µL) was 
added to the growth solution to start nanorod growth. The seed solution was used up 
to one day after preparation. 
After about 5 hours of reaction time, the nanorod solution was centrifuged twice at 
11 000 rpm for 20 minutes (Eppendorf centrifuge S810). The supernatant was 
removed and the concentrate was diluted to the desired concentration. Variations of 
this procedure are given in the text. 
Instrumentation.  
Absorption spectra were acquired using a Shimadzu UV-Vis-spectrophotometer 
UV160A and a V-630 UV-Vis-spectrophotometer from Jasco. Ultrasonic treatment 
was performed with an Elmasonic S40 H ultrasound bath from Elma. Scanning 
electron microscopy was done on a Hitachi S4800 field-emission scanning electron 
microscope (FESEM). TEM images were acquired using a Philips CM10 PW6020/10 
transmission electron microscope with an accelerating voltage of 100 kV, a Zeiss 
Libra 120 in-column EFTEM with an accelerating voltage of 120 kV and a corrected 
omega filter enabling electron energy loss spectroscopy (EELS) and for high-
resolution transmission electron microscopy (HRTEM) a FEI Tecnai F20 transmission 
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electron microscope containing an energy filter (Gatan GIF 2000), an EDX system 
(EDAX), and a HAADF detector was used. TEM grids were prepared by putting a 
drop of the concentrated nanorod sample (30 µL) on a holey carbon or Formvar-
coated and carbon-sputtered copper TEM grid, placing the grid on a filter paper, and 
evaporating the solution at room temperature. For each sample, a minimum of 100 
particles were measured to obtain the average dimensions and the size distribution. 
Size measurements were performed with the aid of the ImageJ software. 
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